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ABSTRACT 
Interest in the study of ultra-relativistic heavy-ion interactions has tremendously in-
creased owing to the possibiUty of creation of a new phase of nuclear matter, called 
the quark-gluon plasma (QGP). However, search for the evidence of QGP formation 
has been presenting a big challenge for the experimental high energy physicists. It is 
because of the idea that even if QGP is formed, it will survive for only a fraction of 
total evolution time and will thus, it will be difficult for discerning its existence. 
During the past several years, especially with the development of heavy-ion ac-
celerators, a thorough study of the interesting aspects of nucleus-nucleus collisions at 
relativistic energies has become possible. The Relativistic Heavy-Ion Collider (RHIC) 
at BNL and Large Hadron Collider (LHC) at CERX are two major colliders espe-
cially dedicated to the study of ultra-relativistic nuclear collisions, in general and the 
production of QGP in the collisions, in particular. Availability of these colliders has 
enabled the high energy physicists to search conclusively for the evidence of QGP for-
mation. However, it may be noted that creating an environment for QGP formation 
does not necessarily mean that all heavy-ion collisions at relativistic energies would 
produce QGP. It is believed that fluctuations in multiplicity distributions of hadrons 
produced in heavy-ion collisions at high energies may be used to examine whether 
the nuclear matter has undergone a phase transition into QGP. 
One of the possible approaches for investigating the dynamics of multiparticle 
production in relativistic heavy-ion collisions is to investigate fluctuations in particle 
density distributions of the secondary particles produced in these collisions. These 
 
 
 
 
 
  
 
 
 
fluctuations may arise due to statistical reasons or may be due to occurrence of an 
uneven phenomenon during the collisions. Such uneven or anomalous fluctuations in 
a single event are represented as peaks, often termed as 'spikes' in narrow pseudora-
pidity intervals. The observed fluctuations has been found to exceed significantly the 
statistical noise. Several experiments have also confirmed these early observations. 
The main objective of the present study is to disentangle information relating to 
non-statistical fluctuations in particle densities in relativistic nuclear collisions. The 
occurrence of non-statistical fluctuations in the interactions of 14.5A GeV/c *^Si nu-
clei is investigated for experimental as well as FRITIOF generated data in terms of 
the scaled factorial moments, F,, and multifractal moments, G,. 
Analysis of the data on A-A collisions in terms of multifractal moments brings out 
clearly the existence of self-similar nature of multiparticle production following linear 
rise of multifractal moments in the entire rapidity space; target mass dependence is 
also pronounced. Moreover, the mass exponents, t,, obtained from the linear fits of 
ln< Gq > with -ln(577, increase with the order of the moments, q, and also reveal a 
strong target mass dependence for both the experimental as well as FRITIOF data. 
Our study also confirms the dynamical contribution to the fluctuations in a definite 
sense as t^ differ appreciably from t,. Furthermore, the generalized dimensions, D,, 
obtained from mass exponents t,, exhibits decreasing trend with the order of the mo-
ments, q, for both the data sets. This result is in conformity with the predictions of 
the Multifractal Cascade Model. Nevertheless, there is some departure in this trend 
at q = -3 and q = 5. This deviation may attributed to some unknown statistical 
 
 
 
 
 
  
 
 
 
errors in the data. It may further be noted that there exists a strong target mass 
dependence in the behaviour of generahzed dimensions Dg. The plots of £), with q for 
experimental, Monte Carlo and FRITIOF data sets reveal that Dg differs markedly 
for Monte Carlo and FRITIOF generated events for 9 < —3. But the behaviours of 
Dg for q> -3 are almost similar for all the three data sets considered in the present 
work 
The multifractal spectra / (a , ) , which characterize completely the dynamics of 
the multiparticle production, provide no conclusive evidence for the smoothness of 
rapidity distribution. In order to critically examine the relationships amongst the 
spectra for different targets, / (a , ) spectra are rescaled for three groups of targets. 
The results suggest universality in the multifractal structure for 5 , < 1 and tend 
to become more broader along the a^ axis. The rescaled spectra for Monte Carlo, 
FRITIOF and experimental data hint towards the fact the multiplicity fluctuati 
are of multifractal nature and not of monofractal type. 
Similar to the phenomenon of multifractality, there is an approach known as i 
mittency proposed by Bialas and Peschanski for studying non-statistical fluctuations 
in multiparticle production. The scaled factorial moments linearly increase with de-
creasing bin size for both types of data for all the three groups of interactions. Thus, 
the predicted power-law behaviour of the scaled factorial moments has been observed 
in the present study, indicating thereby the presence of non-statistical fluctuations 
for all the three categories of interactions. 
Linear dependence of In < Fg > on -InSr] yields the value of intermittency indices, 
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0,, which are related with the strength of intermittency effect. The value of slopes, 
</),, show an increasing trend with q for both the data sets for all the three classes of 
collisions. Furthermore, the patterns of the variations for the three groups of targets, 
namely, CNO, emulsion and AgBr are essentially similar. The scaling behaviour of 
factorial moments has been related to the physics of fractal objects(particle emission 
sources), through the anomalous dimensions, dg, which have been computed from the 
slopes (pg using the expression dg = ( ^ ) . This is used to examine the fractal nature 
of particle emission source. It is observed that the anomalous dimensions increase 
with the order of the moments, q. The trends of variations of dg exhibit almost sim-
ilar pattern for both the experimental and FRITIOF data for all the three types of 
interactions. 
The presence of non-thermal phase transition in relativistic nuclear collisions may 
be due to intermittent behaviour in the final state of multiparticle production. In 
order to investigate this aspect A, are plotted against q. The A, versus q plots show 
distinct minima aX QC — 4 for both data sets and for all the three types of interactions. 
This may be a positive signal for the occurrence of the non-thermal phase transition. 
Multiparticle final state in high energy collisions under self-similar multifractal 
system is characterized by a parameter known as Levy index, /x. It gives a measure 
of the degree of multifractality. The Levy index, /x, for the hadronic system in 14.5A 
GeV/c ^*Si-nucIeus collisions is found to be 1.509±0.059 and for the FRITIOF data 
the value of/x turns out to be 1.489 ±0.040. These results support the Levy stability 
theory. 
 
 
 
 
 
  
 
 
 
5 
The Renyi dimensions, D„ and multifractal spectra f{a) are calculated for q 
ranging between 1.0 to 9.0, in steps of 0.2: using the relations i) D, = ^ and ii) 
f{a) = qa-Tq. Renyi dimensions, D, are observed to decrease with q, indicating 
thereby the occurrence of multifractal behaviour in multiparticle production in nu-
clear collisions at high energies. Furthermore, multifractal spectra / (a ) attain their 
maxima at around a = 5 for both experimental and FRITIOF data and tend to 
decrease thereafter upto a = 7 for the FRITIOF data and a = 9 for the experimental 
data. 
The methods of studying non-statistical fluctuations also give better interpreta-
tion of thermodynamic behaviour of multiparticle production in high energy nuclear 
collisions. Multifractal specific heat, c, is computed using F, moments, modified G, 
moments and Takagi moments for the experimental and FRITIOF data for the three 
categories of interactions. The common feature of the multifractal specific heat, c, 
obtained from all the three approaches is that there is no systematic variation in the 
value of multifractal specific heat, c, for different order of the moments. The differ-
ences in the value of multifractal specific heat obtained from the three methods are 
mainly due to different values of D, determined in terms of the parameter used in the 
three approaches. Further data are yet required to formulate any general conclusion 
in respect of multifractal specific heats in high energy interactions. 
tiiBSlS 
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PREFACE 
One of the possible approaches for examining the dynamics of multiparticle produc-
tion in relativistic heavy-ion collisions is to investigate the occurrence of fluctuations 
in particle density distribution of the particles produced in these collisions. These 
fluctuations may arise due to: (i) statistical reasons or (ii) occurrence of an uneven 
phenomenon during the collisions. An attempt is made to investigate some features 
relating to non-statistical fluctuations and multifractal specific heat in multiparti-
cle production in 14.5A GeV/c ^*Si-nucleus interactions. Experimental results are 
compared with those generated using Lund model, FRITIOF. The main objective of 
studying these aspects is the fact that non-statistical fluctuations are regarded as an 
important probe of the formation of quark-gluon plasma; multifractal specific heat is 
directly related to the signal of phase transition. Therefore, some useful information 
about QGP formation may be disentangled from such a study. 
The thesis is organized into six chapters. Chapter I is of introductory nature. 
It gives a brief description of major facilities available around the World for carry-
ing out study of relativistic heavy-ion collisions. The philosophy as to why there is 
much optimism for the possibility of creating regions of very high energy density us-
ing high-energy heavy-ion collisions. Explanation based on theoretical considerations 
of the various signatures of the formation of QGP in relativistic nuclear collisions is 
presented in the same chapter. Some of the important models of high energy nucleus-
nucleus interactions used extensively for explaining experimental data on heavy-ion 
interaction at relativistic energies are also described in this chapter. 
Chapter II gives the details of the stack used, criteria for selecting the events, 
scanning procedure, methods of measurements, etc. It is followed by the analysis 
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of some fascinating features of relativistic nuclear collisions such as mean multiplic-
ity, multiplicity distribution, pseudorapidity distribution and two-particle correlation 
among the produced particles using short gap and long gap procedures. 
The occurrence of self-similarity among the produced particles in high energy nu-
clear collisions is believed to be due to the fractal nature of the particle emitting 
source. The analysis of multifractal moments is carried out in Chapter III which 
indicates the existence of self-similar nature in multiparticle production following lin-
ear rise of multifractal moments in the entire rapidity space. The contribution of 
the dynamical component of the multifractal moments is gleaned using Monte Carlo 
simulated data. 
Chapter IV contains results on intermittency using the method of F, moments. 
The results on Levy stability and Renyi dimensions are also presented in this chapter. 
In order to provide thermodynamical interpretation to the observed behaviour of 
intermittency and multifractality in multiplicity distributions of relativistic charged 
particles produced, multifractal specific heat, c, has been computed using F, mo-
ments, modified G, moments and Takagi moments and the results are presented in 
Chapter V. It is envisaged that a sudden change in the value of multifractal specific 
heat may be considered as a signal of phase transition. 
Finally, Chapter VI sums up major findings of the present work. 
IV 
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CHAPTER I 
Introduction to High Energy Heavy-Ion Physics 
1.1 The introductory remarks 
The discovery of the presence of high energy- nuclei in the primary cosmic rays 
by Frier et al.[l] in 1948 motivated experimental studies of heavy-ion collisions at 
high energies. Significant contributions have been made by Jain et al.[2], Tsuzuki 
et al.[3], Anderson et al.[4] and Abraham et al.[5] in this area by investigating the 
characteristics of relativistic charged particles produced in the interactions of nuclei 
of cosmic ray with nuclear emulsion. However, the basic limitation of these studies 
was that despite their valuable contributions[6], they suffer from serious deficiency of 
sufficient experimental knowledge which could improve the reliability of the results 
yielded by these studies. It was rather difficult to glean significant information re-
garding the mechanism of multiparticle production in high energy nuclear collisions, 
because cosmic rays provide low statistics and the nature and energy of the primary 
nuclei taking part in the collisions could be known only approximately. 
Advent of heavy-ion accelerators enabled the high energy physicists to investi-
gate the mechanism of multiparticle production in more detail. Systematic and well 
focussed study of the physics of relativistic nuclear collisions became possible with 
the advancement in accelerator technology. Possibility of studying ultra-relativistic 
heavy-ion collisions at Brookhaven[7] and CERX[8] since 1986 has led to the emer-
gence of a new interdisciplinary field from the traditional domains of particle physics 
and nuclear physics[9]. The Alternating Gradient Synchrotron(AGS) at Brookhaven 
was transformed into a heavy-ion accelerator in 1986; it has been running since then 
on a regular basis, several weeks per year with beams up to •^ S^i at 14.5 GeV/nucleon 
 
 
 
 
 
  
 
 
 
energy[10]. Initiated by a proposal of Stock and Gutbroad[ll] in 1982, the Super 
Proton Synchrotron(SPS) at CERN started accelerating ^^ O nuclei at 60 and 200 
GeV/nucleon energies in 1986 and ^^ S at 200 GeV/nucleon energy in 1987. After 
the initial short runs of two weeks each, a new, long term programme of heavy-ion 
physics, was started at CERN in 1990 with several weeks of ^^ S beam runs. The 
early, so called 'exploratory' phase of heavy-ion collisions(1986-1990) is characterized 
by the fact that dedicated machines were not used, but rather existing accelerators 
were upgraded involving modest financial support. Likewise, the experiments made 
extensive re-use of existing high-energy physics equipments. 
1.2 Experimental facilities 
Table 1.1 Existing and Future heavy-ion accelerators[9] 
Machine 
Year of 
Operation 
Projectile 
(GeV) 
Rapidity 
range, Ay 
Luminosity 
( c m - 2 s - i ) 
Duration of 
Operation 
(weeks/year) 
AGS 
1986 
28Si 
3.5 
±1.7 
~103i 
4-6 
SPS 
1986 
016^ ^32 
17.5 
±3 
~102« 
0-6 
AGS 
1992 
is^Au 
3 
±1.6 
- lO^" 
8-10 
SPS 
1994 
208pb 
15.5 
±2.9 
~1029 
> 6 
RHIC 
2000 
197 A u 
200 
±5.5 
~102« 
~ 4 0 
LHC 
2008 
208pb 
6300 
±8.8 
- 1 0 ^ 7 
r^ A 
GSI 
? 
238U 
50-100 
±4.3 
» 102« 
~ 4 0 
Table 1.1 summarizes the existing and planned heavy-ion accelerators and provides 
some information on the scope of their scientific programmes. 
Attempts were made to produce beams of heavier and heavier ions of as much 
 
 
 
 
 
  
 
 
 
high energy as possible in order to improve the experimental research findings. In 
the series of these attempts, in 1992 Gold ions of 10 GeV/nucleon energy and in 1994 
Gold and Lead ions of 170 GeV/nucleon energy were produced by AGS and SPS 
respectively[10,ll]. A big collider known as Relativistic Heavy-ion Collider(RHIC) 
at BNL started functioning in 2000[12]. By using RHIC to collide ions travelling at 
relativistic speeds, physicists have been able to study the primordial form of matter 
that is believed to have existed in the Universe shortly after the Big Bang[13]. 
Another gigantic and state-of-the-art collider, Large Hadron Collider(LHC), is 
being constructed at CERN and is expected to be commissioned in 2008[14]. It is 
expected that the LHC will provide heavy ions of significantly higher energies once 
completed, significantly superseding RHIC energies. LHC will collide protons at the 
centre of mass energy, v^=14 TeV. Besides protons, the LHC will also accelerate 
and collide beams of Lead nuclei at the centre of mass energy ^^=5.5 TeV/nucleon. 
However, RHIC will likely remain unique in various fields which the LHC in the 
present form will not cover. Unlike RHIC, LHC is unable to accelerate spin polarized 
protons, which would leave RHIC remaining l^s the World's highest energy accelerator 
for studying spin-polarized proton structure [15]. 
The main goal of the LHC and its related experiments include investigation of 
possible new physics aspects such as the Higgs boson and Supersymmetry, role of 
chiral symmetry in the generation of mass in composite particles(hadrons) and CP-
symmetry violating processes. Five experiments with huge detectors will explore 
particle/heavy-ion collisions at the LHC; these experiments are:ATLAS(A Toroidal 
LHC Apparatus), CMS(Compact Muon Solenoid), LHCb(The Large Hadron Collider 
Beauty Experiment), ALICE(A Large Ion Collider Experiment) and TOTEM(Total 
Elastic and Diffractive Cross Section Measurement). 
 
 
 
 
 
  
 
 
 
1.3 Space-time evolution of heavy-ion collisions 
Nuclei are extended objects, therefore, their geometry plays an important role in 
heavy-ion collisions. 
TiMn 
T-tloLkV 
T-ralw 
T<29IM 
PujedkiRl 
LoUiV 
£.0.r(JtV.1n3 
\ ^ „ „ ^ / -spaiEJonallxiil 
1 / 
n 
lotiicoiaonusi 
Fig. 1.1 Space-time diagram for the time evolution of the 
colliding system 
The expected space-time evolution of a central{b=0) heavy-ion collision at a very 
high energy- is sketched in Fig. 1.1. 
The two nuclei collide at time t=0. Almost immediately afterwards, ~ Ifm/c, a 
superdense and hot state of quark-gluon matter may be created at energy density 
~ 3GeV/fm^, approximately 20 times the normal nuclear matter density, and at 
a temperature of T ~ 200 MeV. It may not be out of place to mention that this 
temperature is more than 5 orders of magnitude higher than the temperature of the 
interior of the Sun[12-14]. 
This leads to a rapid expansion of the system along the longitudinal direction. 
In the ongoing process, its temperature falls down and reaches the critical transition 
 
 
 
 
 
  
 
 
 
temperature Tc after r ~ 3-5fm/c[15]. In the mixed phase, the matter sustains its 
condition for a longer time, i.e., (r > 10 fm/c), especially if the transition is of the 
first order[16]. It then rearranges many degrees of freedom of the QGP into smaller 
number available in the hadron phase with a large associated release of latent heat. 
Finally, in the hadronic phase (r >> 10 fm/c), the expansion of interacting matters 
continues in an ordered motion. This expansion is likely to get more pronounced(to 
a relatively large dimensions, K > 10^  - 10^  fm^) before the particles freeze out. In 
this stage, interaction ceases and the particles stream out freely away to be detected 
in experiments. 
In Fig. 1.1 time-evolution of the created 'fireball' is shown in the plane transverse 
to the direction of the collision. In this direction, all the expansion is due to the 
pressure gradients in the "fire ball". At this moment, when the system is in the state 
of decoupling from the strong interactions, it expands with a velocity equal to half 
of the velocity of light in vacuum and reaches a size which is twice as large as the 
projectile. 
1.4 Formation of Quark-Gluon Pl£Lsma and its important 
signatures 
Interest in the study of ultra-relativistic heavy-ion interactions has considerably 
grown recently due to the possibility of occurrence of a new phase transition from 
a colour insulating medium to the colour conducting medium, referred to as quark-
gluon plasma, which is the densest and the hottest form of matter. Quark-gluon 
plasma is a new state of matter, the occurrence of which has also been predicted by 
Quantum Chromodynamics(QCD). It is believed to be formed when quark matter 
made up of baryons is either compressed or heated to a high temperature as depicted 
in Fig. 1.2. In quark-gluon plasma, quarks and gluons are envisaged to behave as 
 
 
 
 
 
  
 
 
 
6 
if these were almost free objects. QGP is envisaged to be formed at a temperature 
~ 170 MeV. On the other hand, cold QGP may be formed at high energy densities, 
about 20 times the normal nuclear density without heating[9]. 
pr^essLjr^e heac qjusr^k-gltjori 
plasma 
* 
f 
f 
4 
Fig. 1.2 Phase transition originated by a high temperature and/or 
a high baryonic number density 
A predicted phase diagram of the strongly interacting matter is exhibited in Fig. 
1.3. In the context of Standard Model, study of this phase diagram is not only of inter-
est in exploring and testing QCD on its natural scale, that is, in the non-perturbative 
sector, but it might also shed light on such fundamental questions as the nature of 
confinement itself and on the process of spontaneous symmetry breaking, which is 
thought to be responsible for the origin of the 'effective' quark masses. 
As already stated quark-gluon plasma is believed to have existed in the early 
Universe. It is also believed to exist in the core of neutron stars. These two sources 
of QGP production are quite impossible as one cannot expect occurrence of another 
Big Bang conditions and the neutron stars are very far away. 
The only possibility left for the production of QGP is by creating the so called 
Little Bang in the laboratory by colliding two heavy nuclei at ultra-relativistic ener-
gies. 
 
 
 
 
 
  
 
 
 
Fig. 1.3 The phase diagram of strongly interacting matter 
Thus, in the laboratory nucleus-nucleus collisions at very high energies is envis-
aged to produce this de-confined state of nuclear matter. Conclusive evidence about 
QGP formation is expected to be obtained at the LHC energies, (5.5 TeV/nucleon). 
Nearly conclusive evidences are mounting at RHIC on the creation of QGP[17], 
that is, (i) it is dense hadronic matter which gives large energy losses and modifica-
tions of jet correlations for hadrons, (ii) appears to be thermalized very early and to 
exhibit maximal flow as predicted by hydrodynamics models, (iii) also causes large 
energy loss and flow for heavy quarks and (iv) causes strong suppression, beyond that 
expected from cold nuclear matter effects, for instance ijip. 
As already mentioned, search for the formation of QGP is a challenging task. The 
reason for this is the fact that even if QGP is formed, it will exist only for a fraction 
of the total evolution time and it will thus be difficult to discern its formation. It is 
a transient state as it survives for a very short time and is not directly observable. It 
will only leave its 'finger prints'. 
For this reason, a number of signatures have been proposed which by and large 
 
 
 
 
 
  
 
 
 
8 
give valuable information about the various characteristics of the particles that arise 
due to interaction between the constituents of the plasma. Some of the most promis-
ing signals of QGP formation are briefly discussed below. 
1.4.1 Direct Photon production in QGP 
An electromagnetic interaction between the constituents of plasma is responsible 
for the emission of photons from the QGP environment. These are called direct 
photons and their multiplicity in the plasma rises as the square of the total number 
of charged particles produced. Direct photons are considered to be one of the cleanest 
signals of the QGP formation as they respond only to electromagnetic process and are 
not affected by the intervening hadronic medium. Annihilation of quark-antiquark 
pair in the plasma is the dominant process for the production of direct photons. 
9 + 9 ^ 7 + 7 (I'l) 
QCD Compton scattering also produces direct photons. 
q + 9^q + l (1.2) 
q + 9^q + i (1.3) 
The photon production rate and the photon momentum distribution depend on 
the momentum distribution of the quarks, antiquarks and gluons in the plasma, 
which govern the thermodynamical condition of the plasma. Photons produced in 
the QGP may, therefore, carry vital information about the thermodynamical state of 
the medium at the time of their production[16, 18-20]. 
1.4.2 J / ^ suppression in QGP 
J/V' is a bound state of charm quark and anticharm quark. The suppression of 
J/V' production in QGP is regarded[21] as one of the most significant signatures of 
 
 
 
 
 
  
 
 
 
deconfinement of quarks at high temperatures. In QGP the color charge of a quark is 
screened due to the presence of other quarks, anti-quarks and gluons in the plasma. 
This phenomenon is called De bye screening. The De bye screening will weaken the 
interaction between c and c quarks. 
De bye screening length is inversely proportional to temperature. Thus, we can 
impose a lower limit on the value of temperature, called critical temperature, above 
which c and c cannot form a bound system. Due to very high temperature of QGP 
medium, the bound state of c and c forming J /^ will be weekened and hence as the 
temperature rises above the critical temperature, it will not be easy for c and c to 
form bound states. This will result in the suppression of J /^ production in the QGP 
phase[21,22]. 
1.4.3 Strangeness enhancement 
Enhancement in the production of strange particles containing strange quarks in 
comparison to light quarks(u and d) has been proposed as a possible signal of QGP 
formation in the ultra-relativistic heavy-ion coUisions[23,24]. Within the de-confined 
QGP medium, high temperature will surely overcome the difference of mass among s, 
u and d quarks and ss pair production is described well in terms of the following two 
lowest order QCD processes[25,26]. Firstly, a gluon pair in the plasma annihilates to 
create a ss pair through the reaction 
g + g-^s + S (1.4) 
Secondly, strange quarks and anti-quarks may be produced in the collisions of light 
quarks and antiquarks through the reactions: 
u + u—^s + 's (1.5) 
d + d^s + 1 (1.6) 
 
 
 
 
 
  
 
 
 
10 
The production of s and s will be energetically more favourable in QGP. The densities 
of u and d are greater than the densities of u and d in a QGP medium with non-zero 
chemical potential ^1^4. So, it is more likely for the s to combine with a u or d quark 
to form k''"(us) or k°(ds) than it is for the s to combine with a u or a rf to form A;°(us) 
and k~(ds). For the strange quark s, a more likely outcome is for it to combine with u 
and d quarks to form A(uds), E"''(uus), E'^(uds), E~(dds) instead of combining with 
u and d to produce fc° and k~. Hence, it will result in the enhancement of strange 
particle production, such as: k"^ , k", A, E"*", E" and E~. 
1.4.4 Dilepton production in QGP 
The measurement of dileptons has been emphasized as the most relevant probe 
to study the dynamics of relativistic heavy-ion collisions. In the QGP lepton pairs 
are produced through the interaction of quark and an anti-quarks via the mediator, 
a virtual photons, 7*s. 
q + q^j'-^l+r (1.7) 
The produced pair /"*"/" is known as lepton pair or dilepton. These electromagneti-
cally interacting pairs, while paissing through the intervening hadronic medium, leave 
the dense and hot reaction zone almost unaffected and carry information about the 
thermodynamical state of the matter at the time of their creations. However, QGP 
may not be the only source of dilepton production in high energy heavy-ion collisions. 
There are other processes as well which contribute to the dilepton production. One 
of the other main sources of dilepton production is Drell-Yan process[27,28] in which 
a quark of a nucleon of one of the colliding nuclei can interact with an anti-quark of 
a nucleon of the other colliding nuclei to form a virtual photon which would subse-
quently decay into a /"•"/" pair. Furthermore, the interaction of charged hadrons with 
 
 
 
 
 
  
 
 
 
11 
their antiparticles, like 7r+ + 7r~ -> /"""/^  and the decay of hadron resonances such as 
p°,u°,(f>^ and J/xp would contribute to dilepton production. It is worthmentioning 
that lepton pairs originating from quark-gluon plasma are identifiable only for the 
invariant masses above 1-1.5 GeV[29-31]. 
1.4.5 Dynamical fluctuations as a probe of QGP production 
Any physical quantity measured in an experiment is subject to fluctuations. In 
general, these fluctuations depend otf the properties of the system under study and 
may reveal important information about the system. The most efficient way to ad-
dress fluctuations relating to a system created in a heavy-ion collision is by studying 
event-by-event fluctuations, where a particular observable is measured on an E-by-E 
basis and the fluctuations are studied over the whole ensemble. An E)-by-E analysis, 
successfully used from the very beginning in high energy physics(bubble/streamer 
chamber experiments) was recently proposed [32] and applied [33] to nucleus-nucleus 
collisions at SPS energy. In the field of heavy-ion physics, search for "unusual" 
events, i.e., events having a particularly high variation of some observable from its 
average value is, especially important due to the possibility of non-trivial dynamical 
fluctuations caused by the formation of quark-gluon plasma bubbles and/or other ex-
otic phenomena, such as disoriented chiral condensate(DCC)[34], jet quenching[35], 
color fluctuations in the early stages of the collision[36], etc. An E-by-E analysis of 
fluctuations would surely help separate dynamical and statistical fluctuations. It is 
interesting to point out that experimental and theoretical knowledge are merging to-
gether to relate the fluctuations with phase transition of the confined hadronic matter 
to QGP. 
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1.5 Models of high-energy nucleus-nucleus interactions 
Several models have been proposed to explain the experimental data on heavy-ion 
collisions at relativistic energies. They differ in their basic assumptions but have the 
same common goal of explaining multiparticle production in these interactions. Be-
sides, some event generators(Monte Carlo simulations for nucleus-nucleus collisions) 
have also been introduced. Salient features of some of the most important models 
and event generators are briefly described in the following sections. 
1.5.1 Hydrodynamical Model 
Hydrodynamical model was proposed by Landau [37] as an improvement over the 
Fermi Statistical Model[38] for explaining multiple particle production phenomenon 
in high energy nuclear collisions. Since then the model has been developed progres-
sively with the availability of accelerator data on multiparticle production. According 
to this model, the two Lorentz contracted(in the cm. frame) nuclei collide and it 
assumes[39,40] that mean free path of an interacting particle is small in comparison 
to the size of the system. This model envisages that when two nuclei collide, a hot 
and dense matter is created after a complex process involving microscopic collisions 
of nuclear constituents. The resulting matter will be in local thermal equilibrium. 
This hot and dense state of matter is specified by some appropriate initial conditions 
in terms of distribution of fluid velocity and thermodynamical quantities followed by 
hydrodynamical expansion, described by the hydrodynamical equation ^ ^ = 0, 
where T**" is the energy-momentum tensor. This equation indicates conservation of 
energy-momentum, baryon number and other conserved numbers such as strangeness, 
isotopic spin, etc. 
As the expansion proceeds, the fluid becomes cooler and cooler and more rarefied, 
leading finally to decoupling of the constituent particles. The observable quantities 
 
 
 
 
 
  
 
 
 
13 
such as Y^, ^ - and < v >, where mr and < v > represent respectively the transverse 
mass and the average velocity of the fluid, are computed by using these decoupled or 
free particles. 
1.5.2 Wounded Nucleon Model 
Bialas[41] introduced the concept of wounded nucleons, that is, nucleons that are 
involved in at least one inelastic collision. The Wounded Nucleon Model[41] as usual 
started from the experimental observations in high energy hadron-nucleus interac-
tions. The Wounded Nucleon Model[41] helps understand the mechanism of mul-
tiparticle production in relativistic nucleus-nucleus(A-A) collisions[42]. This model 
visualizes that the number of relativistic charged particles created in a A-A colli-
sion should be identical to the mean number of wounded nucleons, W. The average 
particle multiplicity in A-A collisions at a given projectile energy is: 
nAA(E) = ^W npp(E) (1.8) 
where npp(E) is the multiplicity in a p-p collision at the same energy; W is the num-
ber of wounded nucleons, which depends on the impact parameter[41], density and 
nuclear radius. 
The multiplicity per participating nucleon, M(= UAA/W), is a convenient param-
eter for comparing the multiplicities observed in colliding systems of diflferent sizes 
as in the frame-work of wounded nucleon model; M is envisaged[42] to depend only 
on the dynamics of the collisions and not on the impact parameter, b. On the other 
hand, W depends on the nuclear radius, density and impact parameter. 
The number of wounded nucleons in a nuclear collision is estimated [41] using the 
following expression: 
W = AT^^^ + AP^^^WT + WP (1.9) 
(TpT (^PT 
 
 
 
 
 
  
 
 
 
14 
where apr is the total inelastic cross-section for a projectile nucleus interacting with 
the target nucleus, <TJVP and Gf^r are the inelastic cross-sections for the interactions 
of a nucleon with projectile and target nuclei respectively; Ap and AT are the mass 
numbers of the projectile and the target nuclei respectively and WT and Wp are the 
numbers of the wounded nucleons of the target and the projectile nuclei respectively. 
According to Glauber model [43] in the central A-A collisions, the maximum im-
pact parameter, bmax, is used to determine the total number of wounded nucleons 
from: 
1 2 - 'central /r,\ 
<^part = TTb^ax = ^T^ <^PT ( ^ j 
^ total 
where Ncemrai and Ntotai arc the numbers of the central and total events respectively. 
According to Wounded Nucleon Model the cross-section for the excited nucleons 
due to collisions should be the same as that for the unexcited ones. The mean 
numbers of collisions made by the projectile and target nucleons are calculated using 
the following expressions: 
i/r = ATCFNNIC^NT (2.1) 
and 
Up = APONN/ONP (2.2) 
The total number of collisions made by the colliding nucleons may be calculated from: 
V = WpVT = WTVP (2.3) 
It has been reported [41,42,44] that the predictions of the Wounded Nucleon Model 
are compatible with the results obtained for the experimental as well as FRITIOF 
data for 200 GeV/c p-Em, 200A GeV/c ^^O- and ^^S-Em interactions and Pb-Pb 
collisions at 158 GeV per nucleon energy. 
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1.5.3 Bjorken Model 
Bjorken model[12] is used for estimating the initial energy- density in A-A collision. 
In this model the target and projectile nuclei are considered as two thin discs as 
displayed in Fig. 1.4(a). The longitudinal thickness can be neglected because of high 
energy involved, so that the longitudinal coordinates of the two colliding nuclei are 
almost the same. 
A z 
A 
Nucleus 
A 
Nucleus 
B 
. • • 
Before Collision 
(a) 
After Collision 
(b) 
Fig. 1.4 The cofiguration of two colliding nuclei before and after a collision. 
Let us consider two nuclei coming towards each other from two extremes of Z 
axis, i.e., Z =—c» and Z =+oo with relativistic velocities. Collision will take place 
at the point (Z,t) =(0,0) as depicted in Fig. 1.4(b). The quanta which carry the 
energy deposited in the collision region around Z~ 0 can be in the form of quarks, 
gluons, or hadrons. The space-time evolution of the collision is shown in Fig. 1.1. It 
is believed[l2] that in a relativistic collision at (Z,t) = (0,0), the energy density will 
be quite large and quark-gluon plasma is likely to be formed in the central rapidity 
region. In order to estimate the initial energy density, a longitudinal length AZ 
around Z =0, where the matter is at rest, is taken into consideration. If A is the 
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overlapping transverse area then volume is given by: 
V = AAZ (2.4) 
The number density in the given volume at Z =0 and at the proper time TQ is given 
by: 
A ^ -"-''''y.^.^O (2.5) 
AAZ Adydz 
where y is rapidity of the particle and AN is the number of particles present in the 
volume AAZ. Average value of the initial energy density covering the transverse area 
A at proper time To is given[12] by: 
where my is the transverse mass defined as mr = Jpr + m?. Eq. 2.6 can be written 
in terms of the transverse energy as[12]: 
Co = — - r r (2.7) 
TQAdy 
where ET = YiEiSinOi, Ei and 9i being the total energy and emission angle of i*'' 
t 
particle respectively. 
According to Bjorken model the value of the initial energy density turns out to 
be Co ~ 1-3 GeV//m' at AGS energy- for which ^ = 200 GeV in a central Au-Au 
collision and c© ~ 3 GeV/fm^ at the SPS energy having ^ ~ 450 GeV for central 
Pb-Pb coIlisions[12]. 
1.5.4 Participant Spectator Model 
The Participant-Spectator Model [45] of heavy-ion collisions is illustrated in Fig. 
1.5. The participating nucleons from the overlapping nuclear part create a region 
of high temperature and density, while the spectators continue their initial motion 
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almost undisturbed. The impact parameter, 'b ' , determines the centrality of the 
collision and it is not directly measurable. 
An important aspect of Participant Spectator Model is that it helps select 
a ) 
b 
Projectile 
Projectile 
b ) 
Spectators 
Participant region 
Spectators 
Fig. 1.5 A co l l i s i on b e t w e e n t w o h e a v y n u c l e i in t h e 
P a r t i c i p a n t - S p e c t a t o r m o d e l . 
a ) t w o L o r e n t z c o n t r a c t e d n u c l e i b e f o r e c o l l i s i o n . 
I m p a c t p a r a m e t e r ' b ' d e t e r m i n e s t h e c e n t r a l i t y , 
b ) a f t e r t h e c o l l i s i o n , a p a r t i c i p a n t r e g i o n w i t h h i g h 
t e m p e r a t u r e a n d d e n s i t y is c r e a t e d . 
collisions with different impact parameters by selecting events with different number 
of participant nucleons. This approach owes its experimental origin to Dubna and 
Berkley[46]. This approach makes use of the geometry of the collisions in heavy-ion 
interactions for a better understanding of the collision dynamics. 
Nuclear interactions are generally classified [47] into the following three categories 
depending upon the impact parameter, 'b': 
(i) central collisions: 0 < 6 < \Rp - RT\ 
(ii) quasi-central collisions: \Rp - RT\ < b < \Rp + RT\ and 
(iii) peripheral collisions: b ~ |i?p -I- RT\ 
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where R^ , and R^ are radii of the projectile and target nuclei respectively. 
1.5.4.1 Central collisions 
As is seen from Fig. 1.5 the impact parameter in the case of the central collisions 
is zero or close to zero. If the two nuclei have different radii, the smaller nucleus 
makes a hole in the larger one and all nucleons of the smaller nucleus can in prin-
ciple participate in an interaction. The numbers of projectile and target nucleons 
participating in the collision is large. In this case, only the larger nucleus has some 
spectator nucleons at the edge. 
1.5.4.2 Quasi-central collisions 
When a nucleon is no longer a spectator, but participates in the reaction, it is 
scattered into the rapidity space between the projectile fragmentation and target 
fragmentation regions. Such a collision may be either quasi-central or central one. In 
both quasi-central and central collisions, therefore, the projectile and target nuclei 
are close to each other. 
1.5.4.3 Peripheral collisions 
In a peripheral collision, the two colliding nuclei glance each other, with an im-
pact parameter 'b' which can be as large as the sum of the radii of the two nuclei 
approximately. However, due to large impact parameter the transfer of momentum 
involved is less. Some nucleons of both the nuclei do participate in the interaction 
while the remaining ones act as spectators. 
1.5.5 Monte Carlo FRITIOF model for nucleus-nucleus collisions 
Monte Carlo codes based on string model like VEN'US[48], RQMD[49], FRITIOF[50] 
and HIJING[51] are widely used by experimentalists whenever they want to inves-
tigate whether their data exhibit some thing anomalous [52]. All these models are 
 
 
 
 
 
  
 
 
 
19 
non-plasma models and have string formation and fragmentation as an important 
ingredient. These event generators describe the phenomenology of heavy-ion colli-
sions based on extrapolations from known regions of high energy interactions. They 
might thus be used to disentangle 'new physics' from the 'background' of conventional 
physics. 
It is necessary to have a reliable event generator for comparison with the experi-
mental data and the event generator must have capability to simulate collisions of a 
particular type. These conditions are nicely fulfilled by the so-called Lund model for 
high energy A-A interactions and its event-simulator FRITIOF. The Lund nucleus-
nucleus model is a generalization of the Lund hadron scattering model [53]. The basic 
feature of this model is that a hadron is envisaged to behave like a relativistic string 
with a confined colour field, that is, it consists of a hard core surrounded by an ex-
ponentially damped field. 
String formation and its fragmentation, the two unique properties of relativistic 
nuclear collisions, are the two basic features of this model. It may be mentioned that 
a string is a longitudinally oriented object formed when the nucleons of the projectile 
come closer than a certain minimum distance, d< J^^- This model envisages the 
formation of a string as a result of momentum exchange, i.e., longitudinal excitation 
as shown in Fig. 1.6. 
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oo o 
Fig. 1.6 String formation due to longitudinal excitation. All partons in a 
string originate from one baryon. 
The FRITIOF programme is written in FORTRAN 77 and the only nonstandard 
function needed to run the program is a random number generator, which supplies 
uniformly distributed random numbers between 0 and 1. 
1.6 Need and objective of the present work 
One of the possible approaches for examining the dynamics of multiparticle pro-
duction in relativistic heavy-ion collisions is to investigate the occurrence of fluctu-
ations in particle density distribution of the particles produced in these collisions. 
These fluctuations may arise due to: (i) statistical reasons or (ii) occurrence of an 
uneven phenomenon during the collision. 
It is worthmentioning that creation of an environment for QGP formation does 
not necessarily mean that all heavy-ion collisions at ultra-relativistic energies would 
produce QGP. It is believed that fluctuations in multiplicity distributions of hadrons 
produced in heavy-ion collisions at high energies may be used to examine whether 
the quark-gluon system has undergone a phase transition[54,55]. Such anomalous 
fluctuations in a single event are represented as peaks, often termed as 'spikes', in 
narrow pseudorapidity intervals. The observed fluctuations have been found to ex-
ceed significantly the statistical noise and several experiments[56,57] have confirmed 
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these early observations. 
In order to disentangle information regarding dynamical fluctuations in particle 
densities, various methods of analysis like Fg moments, Gq moments, modified G, mo-
ments and Takagi moments, etc., have been proposed. These methods have been used 
in the present work to investigate the occurrence of fluctuations in the distributions 
of density of charged particles produced in the collisions of 14.5A GeV •^^Si-nuclei 
in nuclear emulsion. In each case the experimental results are compared with those 
obtained for generated events using Lund model FRITIOF[50]. The multifractal spe-
cific heat, c, is also computed for the experimental and FRITIOF data sets. The 
study is organized in the following manner. 
As already mentioned Chapter I entitled, "Introduction to High Energy 
Heavy-Ion Physics", is of introductory nature, which briefly sums up the past 
attempts made to study heavy-ion collisions employing heavy-ion accelerators. The 
theory of the space-time evolution of heavy-ion collisions is also outlined in this 
chapter. It is followed by a brief discussion on the formation of QGP along with 
its important signatures. Results based on the data of A-A collisions involving the 
ion beams from the accelerators located at DUBXA, BXL and CERX do not yield 
unambiguous evidence about the formation of quark-gluon plasma. However, physi-
cists have extensively used these data to have a clear understanding of the collision 
dynamics. In view of this, a number of models for explaining the dynamics of mul-
tiparticle production in relativistic heavy-ion collisions have been proposed[58-61]; a 
few of these have been briefly discussed. 
Availability of the event generators, based on the models of multiparticle produc-
tion, have provided a unique opportunity to compare the findings with the model 
predictions by generating similar events and carrying out a parallel analysis of the 
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simulated data. Event generators have also been discussed along with the models of 
nucleus-nucleus collisions. 
In Chapter II, entitled "Nuclear Emulsion Technique and General Features 
of 14.5A GeV ^*Si-nucleus collisions" a brief description about the scanning 
procedure, mechanism of track formation, various track parameters, criteria used for 
selecting events and measurements of emission angles, ionization, etc. has been given 
General characteristics of various secondary- particles like mean multiplicity, multi-
plicity distribution, multiplicity correlations amongst the emitted charged particles 
and pseudorapidity distribution for different n^  intervals are also discussed. Salient 
features of correlations and clusterization of relativistic charged particles produced in 
14.5A GeV ^*Si-nucleus collisions are investigated using both the experimental and 
FRITIOF data. Several approaches are discussed for examining fluctuations in par-
ticle density distributions as these are suggested as a probe for gleaning information 
about the formation of QGP and subsequent phase transition. 
Chapter III entitled, "Multifractal Moments in Relativistic Nuclear Col-
lisions" is devoted for presenting a theoretical foundation and mathematical formal-
ism of multifractal moments proposed by Hwa and others[62,63]. G, moments are 
systematically studied and results obtained using this method are also presented in 
this chapter. It may be of interest to mention that the study of the non-statistical 
fluctuations using the multifractal technique is important as it allows to study the 
fluctuations for both positive and negative orders of the moments, which further en-
ables to investigate the exact dynamics of multiparticle production. 
There is yet another method for investigating the behaviour of dynamical fluctu-
ations in relativistic nuclear collisions, which is called the method of scaled factorial 
moments, F,, or intermittency proposed by Bialas and Peschanski[56|. The method 
 
 
 
 
 
  
 
 
 
23 
of scaled factorial moments allows to test the statistical significance of the observed 
density fluctuations for examining whether the fluctuations are simply statistical or 
they have a dynamical origin, leading to an intermittency pattern in multiparticle 
production. This method(SFM) can not only detect large non-statistical fluctuations 
but can also investigate the pattern of fluctuations which could lead to physical in-
terpretation of their origin. 
In view of this, various aspects of this approach are described in Chapter IV enti-
tled, "Study of Factorial Moments in Relativistic Nuclear Collisions" along 
with the results obtained using this method for the experimental and FRITIOF data. 
The idea of constant specific heat approximation(CSH) is described in Chapter V 
entitled, "Multifractal Specific Heat in Relativistic Nuclear Collisions" in 
order to provide a thermodynamical interpretation to the observed behaviour of in-
termittency and multifractality of the multiplicity fluctuations in 14.5A GeV/c ^*Si-
nucleus interactions. For this purpose multifractal specific heat, c, has been computed 
using the approaches of F, moments, modified G, moments and Takagi moments for 
both the experimental and FRITIOF data. At the end of this chapter, a comparison 
is also made between the results obtained from three approaches. 
Summary of the present study and some interesting conclusions are presented in 
Chapter VI. 
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CHAPTER II 
Nuclear Emulsion Technique and General Features of 14.5A 
GeV/c ^^Sl-nucleus Collisions 
2.1 Introduction 
Measurement of a number of parameters such as space localization of the trajec-
tories of charged particles, momenta, charges, emission angles, etc, are required to 
detect and identify the charged particles produced in nuclear collisions at high ener-
gies. For example, if one wants to determine the mass of a particle, then momentum 
and energy of the particle are measured for this purpose. 
Nuclear emulsion as a detector as well as analyser was first used in 1946 for 
studying cosmic ray events[l]. For investigating emission characteristics of charged 
particles produced in high energy hadron-hadron, hadron-nucleus and nucleus-nucleus 
collisions, nuclear emulsions have been extensively used. It is worthmentioning that 
in high energy physics experiments, a large number of versatile detectors are be-
ing currently used. But nuclear emulsions have become a unique detector and have 
been used in many front ranking high energy physics experiments. Its uniqueness 
is attributable to a very high spatial resolution and compactness together with its 
capability to retain a permanent record of events. CHORUS experiment at CERX is 
one of the most prestigious high energy experiments which uses nuclear emulsion to 
detect events related to neutrino flavour oscillations [2]. 
The nuclear emulsion technique possesses some peculiar advantages which has 
made it one of the most popular and widely used methods for measuring the mul-
tiplicity and angular distributions of the produced particles. Important advantages 
are described below: 
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(1) it records the events permanently which makes it possible to study them repeat-
edly, (2) nuclear emulsions have great stopping power, about 1700 times stopping 
power of the standard air[3], (3) neutral particles can also be detected using emulsion 
from their decay modes and (4) life time, as small as 10~^^s, have been measured 
using this technique. 
Despite these advantages, this technique is not free from some inherent demerits. 
One of these demerits is that its composition cannot be altered arbitrarily. Hence, 
interaxjtions which are studied using nuclear emulsions are limited to those with nu-
clei present in it or to those nuclei with which emulsions may be loaded. Another 
disadvantage is that owing to limited size of the microscope field of view, it is difficult 
to correlate events which are situated at distances greater than the field of view. 
Detectors can be broadly classified into two groups: (i) visual detectors and (ii) 
electronic detectors. Nuclear emulsions. Bubble chamber, etc., are examples of vi-
sual detectors and they provide 47r angular coverage. These methods are generally 
employed to study particle multiplicities, cross sections, etc. 
On the other hand, electronic readout detectors provide uniform angular cover-
age. They are used to study single particle spectra, two-particle correlation, etc. 
Multiwire proportional chambers, photon multiplicity detector, electromagnetic and 
hadron calorimeters, etc., are examples of electronic readout detectors. 
2.2 Composition of nucleeir emulsions 
Nuclear emulsions are composed of silver halide crystals immersed in gelatine[4,5] 
consisting mostly of Hydrogen, Carbon, Nitrogen, Oxygen, Silver and Bromine while 
a small percentage of Sulphur and Iodine are also present. The composition[6] of the 
most commonly used nuclear emulsion is presented in Table 2.1. 
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Table 2.1 Chemical composition of standard G5 emulsion corresponding to 
a density of 3.81gm/cm^ 
Element 
H 
C 
N 
0 
s 
Br 
Ag 
Charge 
Z 
1 
6 
7 
8 
16 
35 
47 
Mass number 
A 
1 
12 
14 
16 
32 
80 
108 
Density 
gm/cm^ 
0.05 
0.27 
0.07 
0.25 
0.01 
1.33 
1.80 
No. of atoms/cm^ 
(x 1022) 
3.21 
1.39 
0.32 
0.94 
0.01 
1.01 
1.02 
The chemical composition by mass of the emulsion is: ~ 1% Hydrogen(H), 
16% Carbon-Xitrogen-Oxygen(CNO) and 83% Silver-Bromide(AgBr). Gelatine is 
a complex system which has the capacity to absorb large amount of water, which 
helps keep the emulsion moist. It provides a three dimensional network which serves 
to isolate the halide crystals. It also prevents migration of halide crystals during 
development and fixing stages. The ratio of AgBr to gelatine is 1:1 by mass. The 
most widely used emulsion is the Ilford 05 emulsion. Table 2.2 gives the standard 
composition of Ilford G5 emulsion at a density of 3.815 gm/cm^, at relative humidity 
of~61%[6]. 
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Table 2.2 Properties of various emulsions sensitive to singly charged relativistic 
particles. 
Type of emulsion 
Ilford-L4 
Ilford-K5 
Ilford-G5 
Xikfi 
Density 
(gm/cm^) 
3.815±0.035 
3.828±0.035 
3.828±0.035 
3.815±0.035 
Mean diameter of 
the undeveloped 
grain (/xm) 
0.14 
0.20 
0.27 
0.28 
Mean diameter of 
the developed 
grain (//m) 
0.30 
0.40 
0.60 
0.28 
2.3 Mechanism of Track formation 
Passage of a charged particle through nuclear emulsion leaves behind a trail of 
ionization produced in AgBr crystals. The energy loss per unit distance, -dE/dx, is 
the physical quantity that characterizes the passage of a charged particle. A charged 
particle loses some of its energy while passing through a medium and this energy is 
transferred to the atoms of the medium by ionization or excitation of the atoms. It 
may be mentioned that in the caise of heavy charged particles the energy loss is mainly 
due to excitation [7]. The average rate at which a charged particle loses its energy 
(-dE/dX) while traversing through a medium is given by Bethe-Bloch formula[8] 
2mt;2 d £ ; _ /47rNZ2V 
dX ~ [ mv^A In -0' (2.1) 
.1(1-/3 ') . 
where Z and A are the mean atomic and mass numbers of the target atoms of the 
medium, ze is the charge of the particle moving with a relative velocity /3(= -) , X is 
Avogadro's number, m is the rest mass of electron, c is speed of light in vacuum and 
I denotes the mean ionization potential of the target atoms. 
As already mentioned the energy lost by a charged particle is transferred to the 
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atomic electron of the medium through which the charged particle travels. If the 
energy transferred is greater than the ionization potential then the atom is ionized 
and an electron is released. Some halide grains produced by ionization, when im-
mersed in a developer, turn into grains of silver which appear black[9,10]. Thus, a 
charged particle while passing through emulsion leaves behind a trail of black grains 
called track. By examining the characteristics of a track, ionization produced may 
be determined ajad information about the charge and velocity of the particle may be 
obtained. Charged particles moving with relatively higher velocities produce weak 
ionization and hence the grains formed are rarer. 
A part of the energy lost by a relativistic charged particle moving with a velocity 
greater than the velocity of light in that medium, produces Cerenkov radiation[ll]. 
The energy loss in the form of Cerenkov radiation contributes to only about 2% of the 
relativistic rise in the total ionization energy loss[12]. Hence, the effect of Cerenkov 
radiation is generally ignored. Tracks produced in an interaction appear to come 
from a single point, called vertex. A recorded interaction in emulsion is referred to 
as 'star' due to its characteristic appearance. 
2.4 Scanning 
The process of locating interactions in nuclear emulsion is known as scanning. 
Following are the two standard methods for searching out events in nuclear emulsion: 
(i) line scanning and (ii) area scanning. 
(i) Line scanning: Line scanning is performed in the case of conventional stacks, 
where particle or ion beams are made to strike parallel to the plane of the emulsion 
pellicles. In this method, a track is first of all followed upto the exposed edge of the 
emulsion plate to ensure that it is not coming out from an interaction. Only those 
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primary tracks which lie at distances more than 50/xm from the air and glass surfaces 
are selected for line scanning. In the present experiment, 40X objectives and lOX 
eyepieces on NIKON binocular compound microscopes were used for carrying out line 
scanning. It may be interesting to mention that line scanning is mostly used in the 
following two cases: 
(i) flux of the beam is small spreading throughout the leading edge and 
(ii) beam has a small dip, i.e., the length of traversal of the beam is large. 
(ii) Area scanning: Interactions occurring in emulsions are collected by area scanning. 
A given volume of emulsion in one strip is scrutinized carefully to search for 
occurrence of any interaction. The full depth of the pellicle is examined by using the 
z motion of the microscope. In this way, the whole volume is scanned through the 
field- by- field scrutiny. Area scanning is faster than the line scanning. However, in 
area scanning, low multiplicity events, also known as 'white stars' are likely to be 
missed. It also does not yield the required information necessary for determining the 
mean free path of the incident beam. 
In the present experiment, a stack of Ilford G5 emulsion exposed to 14.5 A GeV/c 
^^Si nuclei from the AGS(BNL) is used. A random sample of 605 interactions with 
ii/i>0, where n/, denotes the number of charged particles produced in an interaction 
with relative velocity /3<0.7, is analysed. 
2.5 Ionization measurement t ^ 
Ionization is an important parameter used in estimating the velocity and charge 
of a particle. Ionization can be determined by measuring: 
(i) grain density, (ii) blob density, (iii) blob and gap densities and (iv)delta-ray den-
sity. 
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2.5.1 Grain density 
Grain density is defined as the number of grains developed per unit length of a track. 
This method is used for determining ionization of particles moving with relatively 
higher velocities. By meaisuring the grain density, g, specific ionization, g*(= —) can 
be calculated, where go represents the mean grain density of the tracks of the primary 
particles. It may be noted that g* is proportional to dE/dX, that is, 
V 
where /3 = - , is the relative velocity of the particle and /(/?) is a function depending 
c 
upon the relative velocity j3. 
1 
Thus, by measuring grain density one may estimate the velocity of the charged 
For a singly charged particle g* oc -^f{P)-
particle. 
2.5.2 Blob density 
This method is used for determining ionization of the charged particles moving 
with moderate velocities. In such cases some of the grains may be clogged together 
forming clusters, thus creating difficulty in counting the grains. The ionization[13] 
in such cases can be determined by measuring the blob density using the following 
formula, b= g exp(-ag), where b is the blob density, g is the grain density and Q is a 
parameter, which depends on the grain size and optical resolution of the microscope. 
It has been suggested by Fowler and Perkins[8] that g is the most appropriate 
parameter for measuring ionization. According to them the value of a should lie 
between 0.6 and 0.7 fim for G5 emulsion. The value of a is found to be equal to 0.64 
/zm by our group[14]. 
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2.5.3 Blob and gap density 
This method is used for measuring ionization of the charged particles moving with 
relatively smaller velocities. Grains in such cases are mostly formed in clusters which 
make the counting of grains very difficult [15,16]. Hence, one counts the blobs. The 
gap is defined as the distance between two successive blobs. 
According to 0'Ceallaigh[17], the density of the gaps of lengths greater than or 
equal to '/' can be measured using the following expression: 
H{1) = Be(-»" (2.3) 
where B is the blob density and g is the coefficient of the exponential of the gap 
length distribution. The value of g can also be determined using, 
where Hi and H2 are the number of gaps having gap lengths greater than or equal 
to h and I2 respectively. 
2.5.4 Delta-ray density 
In general, when a charged particle collides with an atomic electron while passing 
through emulsion, it loses energy of the order of a few KeV. However, if this energy 
loss is greater than 5 KeV, the ejected electron is energetic enough to produce its 
own track branching out from the main track referred to as a 6-ray. 
According to Tidman at al.[18] only the tracks of length > 1.58^m are counted 
as (5-rays. The number of collisions, n^, involving energy transfer > 5KeV is given 
by[6]: 
ns = pW) (2.5) 
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Thus, S-ray method can be used to estimate the velocity and charge of a charged 
particle stopping in emulsion. 
2.6 Classification of second£iry tracks 
Tracks of secondary charged particles are classified on the basis of their ionization 
or range or velocity. Based on the values of specific ionization, g* = —, the tracks of 
90 
secondary charged particles are classified as: 
2.6.1 Shower track 
These are the tracks with specific ionization, g* < 1.4 corresponding to relative 
velocity /?>0.7. These tracks are mostly produced by relativistic charged pions. 
Tracks of protons having kinetic energj' >400MeV also appear as shower tracks. 
The number of shower tracks in an interaction is denoted by ng. 
2.6.2 Grey track 
Tracks produced by charged particles having specific ionization in the range: 
l-4<g*<10 or relative velocity in the range: 0.3 < ^ < 0.7 are termed as grey 
tracks. These tracks are predominantly produced by protons having kinetic energy 
in the range: 30MeV< Ep < 400MeV. The number of grey tracks in an interaction 
is represented by rig. The total number of shower and grey tracks in an interaction 
is termed as compound multiplicity and is represented by nc{= rig + ng). 
2.6.3 Black track 
These tracks have range in the interval lO/xm to 3mm and specific ionization 
g*>10. These are either protons with kinetic energy <30MeV or multiply charged 
slower particles. Black tracks are produced due to evaporation of the excited residual 
target nuclei. The particles producing black tracks have relative velocity /3<0.3. The 
number of black tracks in an interaction is represented by n^. Grey and black tracks 
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are collectively referred to as heavy tracks; their number in an interaction is denoted 
by n / , (= Ub + Tig). 
2.6.4 Projectile fragments 
These are the spectator part of projectile nucleus, which are confined to a narrow 
forward cone defined by a certain angular cut depending on the beam momentum. 
They have charge ze > 2e and specific ionization g* ~ 4. 
2.7 Angular measurement 
Angular measurement refers to the determination of space angles of the tracks of 
secondary charged particles. To measure space angle of a charged particle, projected 
angle, 9p, and dip angle, 9d, are measured. The projected and dip angles are measured 
in X-Y and Y-Z planes respectively and the space angle, 0,, is determined from: 
9s = cos'^[cos9p X cos9ci] (2.6) 
2.7.1 Projected Angle 
The projected angle, 9p, is measured with the help of a goniometer having least 
count of 0.25°. The vertex of a collision is focused at the centre of the scale of the 
goniometer. The track of a primary particle is aligned with the reference line of the 
scale. The tracks of secondary particles are aligned one by one with the reference line 
and the goniometer readings are noted down. 
Projected angle is calculated using the relation: 
0, = tan-' ( I I ) (2.7) 
where AY and AX are respectively the differences in X and Y coordinates of the 
two reference points. 
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2.7.2 Dip angle 
Dip angle is measured using the expression: 
B, = tan-' ^ 1 1 j (2.8) 
where AZ and AX are respectively the differences in Z and X coordinates of the 
two reference points. It may be pointed out that the thickness of an emulsion stack 
is reduced after fixation, hence the above formula is modified for taking into account 
the shrinking of the emulsion pellicles. Hence, 6^. is determined using the expression: 
1 (SF X A Z \ 
" = *"" ( ^x j (2-9) 
where SF represents the shrinkage factor. For tracks having smaller angular separa-
tions the space angles are calculated using the following expression[19]: 
6 a — cos - 1 , _i/Ar\, , _JSFx/\Z\, 
cos{tan I - ^ I) X cos{tan I — - ^ — I) (2.10) 
2.8 General features of relativistic ^^Si-nucleus collisions 
2.8.1 Introduction 
Study of relativistic nucleus-nucleus collisions has generated considerable interest 
during the recent years among theorists and experimentalists. Such a study aims to 
ft 
carry out analysis of the space-time evolution of nuclear interactions under extreme 
conditions of energy and baryon densities within the nuclear dimensions. It may 
be interesting to mention that realization of the idea recreating the conditions for 
transition to a new phase of matter, quark-gluon plasma(QGP), in the laboratory 
motivated experimentalists to obtain information on the characteristics of nucleus-
nucleus collisions at high energies[20-22]. The new state of matter, (QGP), is believed 
to have existed in the very early moments of the Universe. Thus, a correct approach 
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for searching the formation of quark-gluon plasma requires a deep understanding of 
the 'background' to explain the signals for the production of QGP. 
There are various experimental observables which give access to the physics of 
relativistic nuclear collisions. The process of nuclear collisions involves three stages, 
namely; (i) interpenetration of the nuclei with highly non-equilibrium hadronic and 
at high energies partonic interactions, (ii)'burning' of the fireball with its evolution 
towards chemical and thermal equilibria and (iii) the 'freeze-out' of the final state 
hadrons. The second and third stages involve crucial questions such as, does the 
system 'live' long enough to behave as bulk matter and do the produced particles 
contain information about the matter they originate from? The mechanism of mul-
tiparticle production in nuclear collisions can be interpreted by carefully examining 
global observables, such as deposition of energy, momentum spectra and distribution 
of multiplicities of secondary particles. This will certainly be of immense help for 
investigating the salient features of the de-confined state of nuclear matter. 
In the following section an attempt is made to analyse some fascinating features 
of relativistic nuclear collisions Uke mean multiplicity and multiplicity distribution, 
pseudorapidity distribution and two particle correlation among produced particles 
using short gap and long gap procedures in 14.5A GeV/c ^*5i-nucleus interactions. 
Experimental results axe compared with those obtained for FRITIOF. 
2.8.2 Mean multiplicity and Multiplicity distribution of the secondary 
particles 
As already mentioned, multiplicity is a useful parameter in the study of multiparti-
cle production process in high energy nuclear interactions. The average multiplicities 
of various types of charged secondaries produced in 14.5A GeV/c ^*Si-nucleus inter-
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actions are listed in Table 2.3 for the experimental as well as FRITIOF generated 
data. 
Table 2.3 Mean multiplicities of relativistic charged particles produced in the 
interaction of 14.5A GeV/c *^Si nuclei with various targets 
Data Type 
Experimental 
FRITIOF 
Type of 
Interaction 
285i-CNO 
285i-Em 
2«5i-AgBr 
285i-CNO 
285i-Em 
285i-AgBr 
< rife > 
2.84 
±0.11 
6.95 
±0.22 
10.50 
±0.24 
1.52 
±0.03 
1.91 
±0.03 
3.72 
±0.10 
<ng> 
1.82 
±0.08 
4.69 
±0.18 
7.15 
±0.23 
1.81 
±0.03 
2.71 
±0.05 
8.24 
±0.50 
< n j > 
16.33 
±0.63 
22.03 
±0.61 
26.59 
±0.78 
19.81 
±0.44 
23.58 
±0.41 
56.68 
±0.90 
<nh> 
4.66 
±0.12 
11.65 
±0.37 
17.64 
±0.40 
3.73 
±0.04 
4.63 
±0.03 
11.95 
±0.18 
< ric > 
18.15 
±0.64 
26.72 
±0.72 
33.74 
±1.04 
21.62 
±0.46 
26.30 
±0.45 
64.93 
±1.40 
From the above table it is clear that the average multiplicity < Ux >, where 
{x = b, g, s, h and c) exhibits strong dependence on the target mass with increas-
ing tendency for both experimental as well as FRITIOF data sets on 14.5A GeV/c 
•^ *Si-nucleus interactions. Here b, g, s, h and c stand for black, grey, shower, heavily 
ionizing tracks and compound multiplicity respectively. The values of < n^ >,< n^ > 
and < Us > obtained closer to the corresponding values are essentially reported by 
Singh[23] for the case of 4.5A GeV/c ^*Si-nucleus interactions. 
Besides the knowledge of the mean multiplicity of various secondary charged par-
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tides, study of multiplicity distribution can also be quite useful for testing the pre-
dictions of various phenomenological and theoretical models proposed to explain the 
dynamics of multiparticle production in relativistic nuclear collisions. The multiplic-
ity distribution may formally be defined as the probabilities for various numbers of 
hadrons to be produced in a high energy collision in a fixed region of phase space 
which is usually defined by a range of pseudorapidity values[24]. With the successful 
operation of the CERN p-p Collider at y/S—b40 GeV, interest in the study of charged 
particle multiplicity distributions has considerably increased [25]. Multiplicity distri-
butions of shower particles and compound multiplicity distributions for 14.5A GeV/c 
•^^Si-nucleus interactions are plotted in Fig. 2.1. The figure shows that Uc and n, 
distributions are very well reproduced by the negative binomial distribution [25]: 
p{n, <n>,k) = k{k + l)...{k + n-l) i^-f<K>j ( — ; ^ j (^.ll) 
where n and < n > denote multiplicity and the mean multiplicity respectively; < n > 
is related with dispersion D as under: 
1 + ^ = ^ ^ (2.12) 
k <n> <n> 
Incidentally, the trends of ng and n^  distributions observed in the present study are 
almost the same as those reported earlier[26]. 
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28c Fig. 2.1 ric and ns distributions for 14.5A GeV/c Si-nucleus interactions 
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Table 2.4 Values of the parameters appearing in Eq. 2.11 for 14.5A GeV/c ^Si-
nucleus interactions. 
Type of 
multiplicity 
Us 
ric 
Experimental 
values 
20.10±0.47 
23.10±0.56 
XBD 
< n > fitted k 
19.56±1.24 
24.95±1.09 
5.10±0.55 
3.76±0.25 
XVD-F. 
0.79 
0.46 
Values of < n >fitted-, k and ^ jD.F. for the XBD fits to the experimental distri-
butions, obtained using CERN standard program MIXUIT are given in Table 2.4. It 
is noticed from the table that < Uc > and < n^ > obtained by the XBD fits are es-
sentially in agreement with the corresponding values obtained using the experimental 
data. 
2.8.3 Multiplicity correlations 
Study of correlations between multiplicities of different types of secondary charged 
particles is of considerable importance for investigating the mechanism of nucleus-
nucleus interactions[27]. Multiplicity correlations of the type < ni{nj) >, where 
Ui, nj=nb, rig, na,nh and n^ (with i^j) have been thoroughly investigated using differ-
ent projectiles and targets[28]. Generally, experimental results have been analyzed 
using the following linear fits[29]: 
<ni(nj) >= Uij + bijUj (2.13) 
where bij > 0 
Here a^ is the intercept and bij is the slope coefficient. An attempt is made in the 
present study to examine various types of multiplicity correlations amongst various 
types of produced particles. 
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Fig. 2.2 exhibits the variations of < rig > with nx{x = b,g,h and c). Using the 
least squares fittings following relations are obtained: 
< n, > = (16.04±0.93) + ( 0.813±0.14 )nft 
<ns> = (1.45±0.17) + ( 0.772±0.01 )ng 
< n, > = (15.57±0.85) + ( 1.45±0.14 )nc 
< n, > = (12.36±0.76) + ( 0.86±0.05 )n/, 
It can be seen in Fig. 2.2 that ng and ric are strongly correlated with < n« > 
individually as compared to the correlations of n^ and n/, with < n* >. 
Variations of < n^ > with nx{x = b,g,h and c) are displayed in Fig. 2.3. By 
carrying out least squares fits to the data, the following relationships are obtained: 
<nh> = (2.06±0.15) + ( 1.58±0.03 )nb 
<nh> = (4.71±0.26) + ( 1.88±0.04 )iig 
<nh> = (1.79±0.80) + ( 0.40±0.09 )ne 
<nh> = (2.88±0.54) + ( 0.43±0.02 )n. 
It may be seen from Fig. 2.3 that n^ and Ug are strongly correlated individually with 
< n/i >, whereas Uc and n^  are weakly correlated with < n/, > for 14.5A GeV/c 
•^*5i-nucleus collisions. 
2.8.4 Dependence of 77 distribution on the multiplicity of relativistic charged 
particles, n^ 
Pseudorapidity distribution yields useful information about the dynamics of mul-
tiparticle production in high energy- nuclear collisions. There are three distinct regions 
in the 7) distribution:(i) projectile fragmentation region corresponding to higher val-
ues of T], (ii) central region is believed to be enriched by the particles produced in 
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28. Fig. 2.2 Variations of <ns> with nx (x=b, g. h & c) in 14.5A GeV/c ^"Si- Em 
interactions. 
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28<-Rg. 23 Variations of <r^> vvith n^ (x=b,g,c & s) in 14.5^ GeV/c S-Bn 
interactions. 
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the collisions of the participants of the colliding nuclei and is independent of either 
of the fragmentation regions[26] and (iii) target fragmentation region corresponding 
to the smaller values of 77. 
Figs. 2.4 and 2.5 exhibit pseudorapidity distributions of relativistic charged par-
ticles produced in 14.5A GeV/c ^*Si-nucleus interactions for the experimental and 
FRITIOF generated data respectively. It may be mentioned that 77 distributions of 
relativistic charged particles produced in hadron-hadron, hadron-nucleus and nucleus-
nucleus collisions over a wide range of incident energies are well fitted[30] by Gaussian 
distribution. It may be noted that the curves in the figures are the Gaussian fits to 
the data. It may also be seen that the peaks of the ri distributions occur in the central 
part of the 77 spectrum for both the experimental and FRITIOF data; this criterion 
has been used to define the central rapidity region[31]. Further, 77 distribution is 
observed to be insensitive to the target mass for both data sets. 
In order to compare the pseudorapidity distributions experimental and FRITIOF 
data are divided into three different n, intervals: i) n,< 9, ii) 10 <ns< 20 and iii) 
ng> 21. Pseudorapidity distributions of relativistic charged particles in the three Ug 
intervals are displayed in Fig. 2.6 for the experimental and FRITIOF data in 14.5A 
GeV/c ^*Si-nucleus interactions. It is seen that the distributions peak in the central 
part of the 77 spectra. 
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2.8.5 Dependence of D{T]) distribution on n^  
It has been suggested by Berger et al.[32] that a single isotropic cluster would be 
produced in the interactions having D{ri)<0.9, where D{r]) is a measure of clusteri-
zation amongst the relativistic charged particles produced in these collisions. Many 
workers[33,34] have used this idea in analysing the data on high energy proton-nucleus 
interactions for examining the clusterization effect. The values of dispersions for 
CNO, emulsion and AgBr groups of targets are given in Table 2.5. 
Table 2.5 Values of dispersions for the three groups of targets for the experimental 
and FRITIOF data on 14.5A GeV/c ^s^z-nucleus collisions. 
Data Type 
Experimental 
FRITIOF 
Type of 
Interaction 
285i-CXO 
28Si-Em 
28Si-AgBr 
285i-CXO 
285i-Em 
28 5i-AgBr 
D{nb) 
1.53 
±0.08 
5.24 
±0.16 
4.18 
±0.17 
1.09 
±0.02 
1.98 
±0.02 
2.75 
±0.06 
D{ng) 
1.15 
±0.05 
4.18 
±0.13 
3.98 
±0.16 
1.62 
±0.03 
3.69 
±0.04 
3.16 
±0.06 
D{ns) 
8.82 
±0.45 
14.33 
±0.43 
15.93 
±0.64 
18.85 
±0.31 
27.30 
±0.29 
29.45 
±0.63 
D{nn) 
1.68 
±0.08 
8.80 
±0.26 
7.09 
±0.28 
1.64 
±0.03 
4.73 
±0.05 
3.24 
±0.13 
D{nc) 
8.91 
±0.45 
17.05 
±0.51 
18.37 
±0.73 
19.67 
±0.33 
29.87 
±0.32 
29.43 
±0.64 
D{r]), defined as D{T])=[< rf >-< rj >2]2, is plotted against n, in Fig. 2.7 for three 
different n, intervals; (i) ns< 9 (ii) 10 <ns< 20 (iii) ns> 21. 
Discernible peaks occur in the central part of D{r]) distributions and these peaks 
tend to shift towards lower values of D{r]) with increasing n,. It may also be noticed 
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from the figures that D{T]) distributions remain practically the same except that the 
heights of the central maxima increases with increasing rig. 
2.8.6 Correlation and Clusterization in relativistic nucleus-nucleus 
collisions 
The idea of particle production through the decay of clusters has gained a good 
degree of acceptability[35-36] amongst high energy physicists; clusters are believed 
to be formed during the intermediate state of an interaction, which finally decay 
into real physical particles. It is widely believed that information about particle pro-
duction through cluster decays may be gleaned by examining the behaviour of the 
distribution of the rapidity gaps between the n"* nearest neighbours. It has been 
reported[29,37-42] that clusters of diffrent sizes are formed in high energy hadron-
hadron, hadron-nucleus and nucleus-nucleus collisions. To examine the nature of the 
n-particle rapidity gap distribution, the relativistic charged particles in each interac-
tion are arranged in increeising or decreasing order of their pseudorapidity values and 
the rapidity diflPerences between two consecutive values are determined. 
The distribution of the rapidity gaps between adjacent relativistic charged parti-
cles, calculated for 14.5A GeV/c ^*Si-nucleus interactions, is shown in Figs. 2.8 and 
2.9. It may be of interest to note from these figures that sharp peaks at relatively 
smaller values of the rapidity gaps, r, are observed, indicating thereby the occurrence 
of strong-short range correlation. It is also evident from these figures that the rapid-
ity gap distribution can be represented very well by the two channel generalization 
of Chew-Pignotti model[36] of the form: 
diTi 
-r = A exp{-Br) + C exp{-Dr) (2.14) 
dr 
where A,B,C and D are constants. The values of A, B, C and D have been pre-
 
 
 
 
 
  
 
 
 
54 
• 
1 -
• D 
0.1-
\ 
1 
\ 
1 1 1 ' 1 ' 
Exp 
Snider Model 
Aexp(-Br) 
Cexp(-Dr) 
Y^/D.F.=0.056 
\ 
•_ 
*_ 
1 1 1 1 
^*. V 
^ v ^ 
-n ' ^ - ^ ^ 
0.2 0.4 0.6 0.8 1.0 
Fig. 2.8 Distribution of rapidity gaps between two consecutive charged particles for 
28c the experimental data on 14.5A GeV/c Si-nucleus interactions. 
 
 
 
 
 
  
 
 
 
ft &^§} 
55 
Fig. 2.9 Distribution of rapidity gaps between two consecutive particles for the 
FRITIOF data in 14.5A GeV/c ^^Si-nucleus interactions. 
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dicted[36] to be 2.40, 3.10, 0.20 and 0.90 respectively. In the above expression r 
represents the rapidity gap between the n"* nearest neighbours. It may be mentioned 
that the first and the second terms in Eq. 2.14 represent[36] respectively the con-
tributions of the short-range and long-range correlations. Furthermore, the values of 
the slope parameters B and D would help disentangle information about the cluster 
size and cluster density. The best fits of Eq. 2.14 for the experimental and FRITIOF 
data are respectively: 
— = (4.26 ± 0.58)exp(-7.27 ± 0.33)r + (0.11 ± 0.01)exp(-1.48 ± 0.05)r dr 
dxi 
— = (3.35 ± 0.89)ea:p(-8.13 ± OM)r + (0.24 ± 0.03)ercp(-1.83 ± 0.08)r dr 
It is remarkable to note that almost identical results are obtained for the FRITIOF 
data. The solid curves in Figs. 2.8 and 2.9 correspond to Eq. 2.14, while the dashed 
lines represent the contribution of the two exponential terms individually. 
Decay of clusters produces particles lying close to each other in the rapidity space. 
It was proposed[43] that the rapidity gap separation between two adjacent particles 
coming from the decay of the same cluster should be < 0.1. Therefore, by inves-
tigating the minimum rapidity gaps between the nearest neighbours for each event 
and by examining the behaviour of their distributions, useful information about the 
mechanism of clusters production may be disentangled. Distributions of the mini-
mum rapidity gaps between two consecutive charged particles for the experimental 
and FRITIOF data are displayed in Fig. 2.10. One may observe from the figure that 
sharp peaks do occur at relatively smaller values of rapidity gaps characterized by 
^min < 0.09, indicating thereby that majority of the events have rapidity gap separa-
tions < 0.09 between the two adjacent particles. Thus, the probability of events in 
the region around the lowest rmin value, that is rmin < 0.09 is comparatively larger 
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i 
• D 
r (rapidity gap) 
Fig. 2.10 Distribution of minimum rapidity gaps between two consecutive charged particles 
produced in 14.5A GeV/c ^ Si-nucleus interactions for experimental and FRITIOF 
data. 
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than those expected on the basis of multiperipheral cluster model [44]. Further, it 
can be observed from the figure that probability of events in each r,„j„ interval de-
creases faster with increasing r^i„ than expected on the basis of the predictions of 
the model. It may also be concluded from the figure that majority of the events have 
Tmin < 0.25, which is the most probable separation between the particles originating 
from the same cluster[36,43]. It may, therefore, be stressed that majority of the in-
teractions considered in the present study possess at least one cluster. 
In order to get information about the short-short and short-long correlations fol-
lowing Snider[40], a small gap is defined as the one having n < 0.1 and a long gap 
as the one having 0.8 <ri< 1.0. Fig. 2.11 shows that short-short correlation is pre-
dominant over short-long and long-long correlations. Thus, the minimum number of 
charged particles comprising a cluster can be taken to be equal to 2. 
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Fig. 2.11 Distributions of gaps next to small gaps (solid lines) and next to 
large gaps (broken lines). 
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CHAPTER III 
Multifractal Moments in Relativistic Nuclear Collisions 
3.1 Introduction 
Study of high energy nucleus-nucleus collisions is expected to address several im-
portant issues relating to multiparticle production in such collisions. Besides this, 
these collisions are envisaged to create conditions necessary for the production of 
quark-gluon plasma. Several important and fascinating signatures[l] for investigat-
ing the production of QGP have been proposed. One of the several possible signals is 
the idea of studying the non-statistical fluctuations in particle densities. Multiplicity 
fluctuations of non-statistical nature, first observed in the JACEE event[2], manifest 
themselves as peaks and valleys in multiplicity distributions in narrow domains of the 
phase space. Studies of the multiplicity fluctuations in particle production at high en-
ergies have revealed self-similar properties conjectured by Bialas and Peschaiiski[3,4], 
who called the phenomenon, intermittency, which is investigated in terms of facto-
rial moments. The self-similar nature of the vortices directly implies a connection 
between intermittency and fractality. The concept of self-similarity is closely related 
to the fractal theory[5], which is a natural consequence of the cascading mechanism 
which plays significant role in multiparticle production in relativistic nuclear colli-
sions. Consequently, there has been a spurt of interest in the study of relativistic 
collisions in terms of multifractal technique[6]. The advantage of the fractal theory 
over the method of factorial moments lies in the fact that the former is an extension 
of the study of non-statistical fluctuations to the negative moments also, whereas 
the factorial moments are defined for only positive integral values of the order of the 
moments[7]. 
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The word "fractal" was first coined by Mandelbrot [3] who discovered that there 
was a fractal face to the geometry of the nature. Mandelbrot, the pioneer, opened 
a new window, namely, the Fractal Geometry for looking into the world of apparent 
irregularities. Once some problem arose regarding the physical relevance of non-
differential curves and surfaces[8]; it became necessary to introduce a new class of 
geometrical objects called fractals. The study of fractal patterns in physics has in 
recent years grown to be a well-developed field, although the concept and technique 
has largely been overlooked by the Particle and Nuclear Physics community[9]. As 
we have studied the properties of self-similarity in multiplicity fluctuations in high-
energy collisions, an attempt to make a connection with the fractal analysis appears 
to be quite logical . 
Fractal geometry allows one to mathematically describe systems that are intrinsi-
cally irregular at all scales. A fractal structure has the property that if one magnifies 
a small portion of it, the same complexity appears for the entire system[10]. Usually, 
the term fractal is used to characterize systems exhibiting properties of self-similarity. 
If these properties can be described by a single exponent, one has a simple or homoge-
neous fractal. The power law behaviour of factorial moments indicates self-similarity 
and existence of fractal properties[ll] in the multiparticle production process. A frac-
tal or self-similar object satisfies a power law scaling which reflects the underlying 
dynamics. The basic characteristics of multifractality is that the scaling properties 
may be different for different regions of the system. The idea is, therefore, to develop 
a formalism which may describe systems with local properties of self-similarity. 
Fractals are classified into two classes: geometrically self-similar or uniform frac-
tals and non-uniform fractals which are called multifractal. The most notable prop)-
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erty of a fractal is its dimension [6]. A method for finding fractal dimension and its 
generalization has recently been developed[6, 11-13] and has been used to study in-
termittent behaviour in turbulent fluids and other transitions to chaos. The study of 
fractal properties of emitted particle spectra in high energy nuclear collisions has a 
wide scope. On the other hand, multifractality has turned out to be the focal point 
of a number of theoretical and experimental investigations in high energy nuclear 
collisions[14-18] in studying the exact dynamics of multiparticle production. It may 
be of interest to mention that fluctuations in rapidity distributions have nontrivial 
multifractal structures[19]. 
The existence of fractal nature in high energy nuclear collisions can be under-
stood with the help of a cantor set[5,20] as shown in Fig. 3.1. For a more illustrative 
discussion one may look at the rapidity distribution of the relativistic charged parti-
cles produced in a very-high-multiplicity event recorded by JACEE[2] collaboration; 
which exhibits several peaks and valleys and is, therefore, typical in nature. Now one 
may be faced with a serious question if concerned with multiparticle production i.e., 
what objects in high-energy collisions have holes in the sense that the cantor set[5,20] 
has. If one looks at the rapidity distribution of particles recorded by JACEE[2] col-
laboration, one may notice a jagged distribution having many peaks and valleys. If 
the resolution in rapidity is of the order of or better than the average rapidity separa-
tion between neighbouring particles, then binning with that resolution will result in 
many empty bins having no particles in them. Those empty bins may be regarded as 
the holes, and if the system has fractal properties, the set of non-empty bins should 
surely be regarded as a fractal set. Indeed, if M denotes the number of non-empty 
bins and 6T] is the bin size in the rapidity space, then for small Srf the fractal property 
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of M' would acquire the following form: 
M ' OC {5T])-"^ (3.1) 
where Do is the fractal dimension, less than 1[9]. The above correction of non-empty 
bins is only one subset of all the bins. Other subsets are possible which possess differ-
ent kind of fractal properties. Collectively, they constitute the multifractal structure. 
The following section deals with the mathematical approach to the study of mul-
tifractal behaviour in high energy nucleus-nucleus collisions. Section 3.3 contains 
results and discussion on G, moments based on experimental and simulated data 
sets. 
3.2 Multifractality 
In order to study multifractal structure in multiparticle production in nuclear 
collisions at high energies, Hwa[14] has proposed a set of moments G,, where q 
represents the order of the moments, positive or negative and real. 
Let the pseudorapidity range A77 be divided into M bins of equal width, that is, 
Sn=^ (3.2) 
where AT? = rjmax - Vmin-
Further, let N be the number of relativistic charged particles produced in an event 
in F>seudorapidity range A77 and Uj be the number of particles in the j " * bin, where j 
labels the bins running from 1 to M, including both empty and non-empty bins. The 
total number of particles produced in an event is then estimated using the relation, 
M' 
n= I^ Tij. If Pj denotes the fraction of particles located in the j * " bin then P^ can be 
j= i 
expressed as: 
P, = ^ (3.3) 
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where Pj is a small real number for a small 6r) and varies from bin to bin. For 
a smooth rapidity distribution, which may not be necessarily flat, as Jr; —> 0, Pj 
tends to vary accordingly. However, fluctuations in Pj for a non-smooth rapidity 
distribution for non-empty bins may be expressed as: 
Pj a {6nr (3.4) 
where a is positive. Eq. 3.4 is a mapping from j to a through the 6ri dependence and 
is the fundamental step in the multifractal analysis. It appears necessary to mention 
that different bins have different a values in an event, but many bins can be mapped 
to one small interval in a. As an illustration, let us consider a particular interval da 
located at some Qr, i.e. ar < a < QT + dct. Let 6r denote the subset of all the 
bins that are mapped into this interval. This constitutes a fractal set whose property 
depends on a^. As Or is integrated over the entire range of a, there is effectively a 
sum over all subsets Sr, resulting in the inclusion of all non-empty bins for the event. 
If the total number of elements in the subset 5^  be represented by Mr, then the total 
number of non-empty bins, denoted by M' , in the event is given by 
M'='£Mr (3.5) 
r 
where M' is certainly different from M because the former denotes only the number 
of non-empty bins. The dependence of Mr on Si], where 5T} is small, is expressed in 
the following form: 
Mr oc (577)--^ ("'^  (3.6) 
In this case, f(ar) characterizes the fractal properties of all the subsets 6r. Thus, 
in mapping rapidity to a, the multiplicity fluctuations of the rapidity distribution is 
mapped to a smooth function f(a). This spectral function is, therefore, regarded to 
be of much importance in carrying out multifractal analysis. 
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3.3 Method of G, moments 
As already discussed that for studying the existence of multifractal structure in 
multiparticle production in high energy nucleaj coUisions, a particular phase space 
Arj is divided into M bins of width <^^ = ^ and a set of G, moments for n^  particle 
multiplicity in the j " * bin are defined[14,19] as: 
M' 
G, = E (Pj)' (3-7) 
j = i 
where summation is carried out over the non-empty bins only and q denotes the order 
of the moments. Because of the very nature of formulation of G,, i.e., summation 
over non-empty bins only, the fractal moments can be calculated for any positive or 
negative integral or non-integral values of q and thus may play predominant role in 
disentangling the dynamics of multiparticle production through the study of fluctu-
ations in density of produced particles[21]. 
Taking the average of all the interactions in a data sample comprising of X events, 
we have 
<G<,> = T ^ EG, (3.8) 
If there is self-similarity in the production of particles, then G, moments can be 
expressed in the form of the following type of power law[22]: 
<Gq> (X (ST]Y' (3.9) 
where t, are the mass exponents. 
The linear dependence of In < G, > on InSr] over all the windows gives the values of 
mass exponents: 
, . =,ta ^!I15G^ (3.10) 
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Once t, is obtained from G„ one may therefore use the theory of multifractals[12] to 
calculate f(a,) functions from the Legendre transform: 
f{a,) = qa, - t, (3.11) 
where a, stands for Lipschitz-Holder exponent [23] and is expressed as: 
a, = I (3.12) 
It is interesting to point out that study of the spectral functions, / (a , ) is one of 
the main objectives for investigating multifractality. For the presence of multifractal 
structure in a given data sample, following conditions must be satisfied; (i) spectral 
functions f(Q:,) must be concave downward, (ii) f(a:,) must have a maximum value 
at a , = ao and (iii) f(a,) < /(ao) for g # 0. It may be stressed that the width of 
the f(a,) distribution is a measure of the size of dynamical fluctuations. For a purely 
statistical system with absolutely no fluctuations, f{oig) = a, = 1 for all values of q 
and the function f(a,) would represent a straight line parallel to the y-axis for a , = 
1[24]. 
The generalized dimensions are given by[25] 
For 9 = 0 Eq. 3.13 gives 
Do = /(ao) (3.14) 
Where, Do is called fractal dimension. Since Eq. 3.7 implies Go = M', it follows from 
Eqs. 3.9 and 3.13 that M' oc (5J?)~^° which is in agreement with Eq. 3.1. This is 
also consistent with Eq. 3.6, where Y^Mr = M'. However, if/(ao) is the maximum 
r 
of the spectrum f(a) and {ST])~^^°'°^' behaviour dominates in the limit ST] —> 0. 
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Di is the information dimension, which by virtue of Eqs 3.13 and 3.12, satisfies 
the following relation: 
A = ai = / (a i ) (3.15) 
In the framework of the fractal theory already developed for the chaotic dynamical 
system, the information dimension may be defined as: 
D,= - lim ^ (3.16) 
where 
M' 
S{5r)) = -J^PjlnPj (3.17) 
j=i 
defines entropy in the information theory. 
For q = 2, we have the correlation dimension[26,27], D2, since Pj^ in Eq. 3.7 
corresponds to the probability of having two particles in the j " * bin. 
From the spectrum f{a), D2 can be determined using the following expression: 
D2 = 2a2 - fiai) (3.18) 
Geometrically, Do represents the peak of the f(a,) spectrum. For inhomogeneous 
fractals or multifractals. Do > Di > D2[2l]. For the condition Do = Di = D2, the 
fractal is uniform. 
Study of generalized dimensions, D,, in multiparticle production plays a signif-
icant role in the fractal theory. A set of conventional dimensions, Do, Di and D2 
corresponding to q = 0, q = 1 and q= 2 respectively, are calculated for the interac-
tions of 14.5A GeV/c ^*Si-nuclei with various targets and the values are presented in 
Table 3.1. It may be mentioned that some interesting aspects involving f(Q;,) and D, 
have already been incorporated[21]. 
According to Hwa[28], a narrowing of f(a,) with experimental cut in relativistic 
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heavy-ion collisions favours plasma formation at high transverse energy, Ex- It was 
suggested[29] by Bialas and Hwa that if a second-order phase transition occurs from 
quark-gluon plasma to a hadron phase in the thermodynamic equilibrium, created in 
high-energy nuclear collisions, then the produced particles will exhibit intermittency 
with anomalous dimensions which will be discussed in the next chapter. On the other 
hand, if hadronization takes place through cascading process, d, is expected to be 
linear in q. Brax and Peschanski[15], describe multifractal properties of intermittency 
like fluctuations in terms of the random cascading model and show a characterization 
of phase transitions in terms of "freezing" of the system, with a deviation from the 
analytic f{a) spectrum when {{a) reaches zero. 
3.4 Results and discussion 
Results on the different aspects of G, moments for experimental and simulated data 
sets are discussed in the following section. 
3.4.1 Dependence of ln< G, > on -InSrj 
Dependence of ln< G, > on -InSrj for the interactions caused by 14.5A GeV/c 
^*Si-nuclei with CNO, emulsion and AgBr groups of targets are displayed in Fig 3.2. 
It is evident from the figure that there exists a linear relationship between ln< G, > 
and -InSr}. It may further be noticed that the moments for positive values of q ex-
hibit linearity over a wider range of \n5r}, and for negative orders of the moments, 
G,-moments tend to saturate with decreasing values of -\nSrj. The saturation effect 
can be explained in terms of the presence of smaller number of particles with de-
creasing bin size[30]. The self-similar nature observed in the study of multiparticle 
production process is reflected in the linear rise of multifractal moments in the en-
tire rapidity space. Further, from Fig. 3.2 it can also be said that the multifractal 
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Fig. 3.2 The dependence of ln<Gq> on -InSn for the experimental data 
on 14.5AGe\//c Si-nucleus collisions. 
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moments for the interactions due to CXO targets tend to saturate earlier than those 
for the collisions due to AgBr targets. This behaviour is attributable to relatively 
higher multiplicities in the interactions due to heavier targets as compared to those 
with lighter targets[30]. 
In order to disentangle the dynamical component of the multifractal moments, a 
comparison has been made between the values for the experimental, FRITIOF and 
Monte Carlo data sets in Fig. 3.3. Monte Carlo events are generated which satisfy 
the following conditions. 
(i) Multiplicity distribution of the generated particles should be similar to the corre-
sponding experimental distribution, 
(ii) Emitted particles should not have any correlation. 
(iii) For each event with multiplicity N, its multiplicity distribution should have a 
Gaussian shape with its mean value and dispersion comparable with the correspond-
ing experimental values for the whole sample. It can be seen from Fig. 3.3 that both 
FRITIOF generated data sample and Monte Carlo generated data sample are quite 
compatible with experimental data set. Similar trends have also been observed in 
relativistic hadronic[31] and nuclear interactions[32]. 
3.4.2 Mass exponents 
The values of the mass exponents or slopes t,, are obtained from the graph rep-
resenting linear variation of ln< Gq > with -InSri. However, for determining the 
slopes, only those portions of the curves which show linear behaviour are considered. 
Variations of t,, t**"' and t^"" with the order of the moments q are exhibited in Fig. 
3.4, where t**"' stands for the slopes corresponding to the Monte Carlo generated 
data and t^"'' represent the slopes corresponding to the dynamical component of the 
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parameter; t^"" can be obtained from the following relation by Derado et al.[33]: 
^dyn = tg - t f " ' + q - 1 (3.19) 
From Fig. 3.4 it is evident that t, increases with q. However, the rate of increase 
are quite different for the regions representing positive and negative values of q. In 
the region having negative values of q, the increase in t, with q is relatively sharper 
than the one in the region having positive values of q. Incidentally, this observation is 
in accord with the predictions of Gluon Model[31]. It is also noticed from the figure 
that t^"" differ appreciably from t, and this might confirm that there is definitely 
dynamical contribution to the fluctuations. Fig. 3.5 reveals that the behaviour of the 
slope parameters t, for the experimental and FRITIOF data sets is quite similar. 
In order to investigate the target dependence of the mass exponents, t,, its val-
ues for CNO, Emulsion and AgBr targets are plotted in Fig. 3.6. It is clear from 
the figure that the values of the mass exponents, t,, are relatively smaller for the 
interactions due to AgBr as compared to those for the CXO targets in the region for 
q < 1. On the other hand, for q>l, just the opposite trend is discernible. It may be 
interesting to note that a similar behaviour is observed when the target dependence 
of mass exponents t,, is investigated for FRITIOF generated data. This behaviour is 
displayed in Fig. 3.7. 
3.4.3 Variation of generalized dimensions with q 
The values of the generalized dimensions, D,, may be obtained by using Eq. 3.13. 
Dependence of D, on q for the interactions due to CNO, Emulsion and AgBr targets 
are displayed in Fig. 3.8. It may be seen from the figure that D, decreases with 
increasing q. Incidentally, this behaviour of D, is compatible with the predictions of 
the multifractal cascade model [34]. Nevertheless, there is some departure in this be-
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Fig. 3.5 Variations of mass exponents t with q for experimental and FRITIOF data. 
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Fig. 3.6 Variations of t^  with q for various targets at 14.5A GeV/c. 
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Fig. 3.7 Variations of t with q for various targets for the FRITIOF data. 
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Fig. 3.8 Dependence of D on q for various targets at 14.5A GeV/c 
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haviour at q=-3 and q=5. This deviation may be because of some unknown statistical 
errors in the data samples used. It may further be observed that for a given q, values 
of D, are larger for heavier targets, thus, revealing a strong target mass dependence. 
The higher values of the generalized dimensions for the interactions due to heavier 
targets may be explained in terms of the fact that average multiplicity increases with 
increasing target size[35]. In Fig. 3.9, variations of D, with q are exhibited for the 
FRITIOF data sets. The behaviours of D, for the FRITIOF and experimental data 
sets are quite similar. Fig. 3.10 shows the decreasing trend of D, for the experi-
mental, MC and FRITIOF data. It may, however, be noticed from the figure that 
the values of D, are relatively higher for MC generated events in comparison to the 
FRITIOF data for q < —3. But the behaviours of D, for q> -3 are almost similar 
for all the three data sets considered in the present work. 
Table 3.1 Values of generalized dimensions, D,, for q= 0,1 and 2 for 14.5A GeV/c ^*Si-
nucleus interactions. 
Interaction 
type 
Si-CXO 
Si-EM 
Si-AgBr 
Do 
0.674 
0.724 
0.763 
Di 
0.650 
0.721 
0.762 
D2 
0.312 
0.346 
0.399 
It is observed from the above table that the values Do, Di and D2 are the maximum 
for AgBr interactions and least for CNO interactions. It may be stressed that these 
dimensions are sensitive to the mechanism of the multiparticle production[36] in 
relativistic nuclear collisions. 
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Fig. 3.9 The variations of D^  as a function of q for the FRITIOF data. 
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3.4.4 Dependence of D "^" on q 
The dependence of the dynamical components of the generalized dimensions D^"" 
on q is expressed as: 
j^dyn ^ _J_ (3 20) •f^dyn 
The dependence of D^"" on q is shown in Fig. 3.11 for various targets considered. It 
is clear from the figure that D^"" increases slowly upto q < —2, then shows a sharp 
increase in the region corresponding to -2 < q < 2; and afterward saturates for q > 2. 
3.4.5 Multifractal Spectrum f(a,) 
Using Eq. 3.11 spectral functions f(Q;g) are calculated for various values of a,, 
which is calculated using Eq. 3.12 and the plots of f(Q;g) as a function of a , are shown 
in Fig. 3.12 for the MC, FRITIOF and experimental data. The figure clearly shows 
that multifractal spectra are concave downward having their centres at a, = 0 and 
a common tangent at an angle of 45''(/(a,) = a,) at certain values of a,. However, 
for none of the data sets, the spectra exhibit sharp peak indicating thereby that the 
rapidity distributions on basis are not smooth. The plots of/(a ,) as a function of a , 
are broader for the three data sets used. The spectrum f(a,) characterizes completely 
the dynamics of the particle production. 
In order to investigate the dependence of f(a;,) on the target mass, the f(a,) spectra 
for the interactions due to CNO, Emulsion and AgBr groups of targets are plotted in 
Fig. 3.13. From the figure it is quite evident that the shapes of the spectra for all the 
three groups of targets are similar and have a common tangent also. Incidentally, this 
result agrees reasonably well with the results reported by Shivpuri and Verma[35]. 
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Fig. 3.13 The variations of spectrum f(a,) as a function of a^  for the 
experimental data on 14.5A GeV/c. 
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3.4.6 Rescaling of f{ag) 
In order to critically analyse the relationship amongst the spectra for different 
targets the f{Qq) spectra[37] are rescaled as under: 
Oig 
ocg = ^ (3.21) 
and 
/(a,) = ZM = ZM (3.22) 
/ ( Q I ) Oi 
Fig. 3.14 shows the rescaled spectra / (a , ) for CNO, Emulsion and AgBr groups of 
targets. All the three curves in the figure have almost similar shape around 5 , < 1 
and for q > 0, and have a common tangent also at / (a , ) = a,. This result suggests 
universality in the multifractal structure for this particular region. The three curves 
of the rescaled spectra for MC, FRITIOF and experimental data sets, plotted in Fig. 
3.15, almost coincide with each other. Broadening of rescaled curves is an indication 
of the fact that the multiplicity fluctuations are of multifractal nature and not of 
monofractal type. 
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CHAPTER IV 
Study of Factorial Moments in Relativistic Nuclear 
Collisions 
4.1 Introduction 
In high energy nuclear interactions, presence of large fluctuations in rapidity space 
was observed in cosmic ray JACEE event[l] and also in accelerator experiments[2,3]. 
Ludlam and Slansky[4] were the first to propose for analysing event-by-event fluctua-
tions in hadron-hadron collisions. Many attempts have also been made to investigate 
the phenomenon of intermittency in high energy collisions, but none could provide 
a satisfactory approach for studying non-statistical fluctuations in multiparticle pro-
duction. In high energy interactions, study of non-statistical fluctuations entered 
into a new era when Bialas and Peschanski[5] proposed a methodology to study non-
statistical fluctuations in multiparticle production. The method of scaled factorial 
moment(F,) is, incidentally, the main tool for investigating such fluctuations. 
The method of scaled factorial moments allows to test the statistical significance 
of the observed density fluctuations for examining whether the fluctuations are sim-
ply statistical(i.e. due to a finite number of particles in an event) or they have a 
dynamical origin leading to an intermittency pattern in multiparticle production. In 
the former case, the scaled factorial moments tend to saturate with decreasing rapid-
ity bin width. However, in the case of intermittency, the factorial moments show a 
continuous increase satisfying power law behaviour with decreasing bin width. The 
power law behaviour of the scaled factorial moments indicates the existence of self-
similar property in particle production in these collisions. It may be mentioned that 
the concept of self-similarity is closely related to multifractality. This method (SFM) 
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can not only detect large non-statistical fluctuations but can also investigate the pat-
tern of fluctuations, which could lead to physical interpretation of their origin. This 
advantage of scaled factorial moments enabled many workers to search for similar be-
haviour in high energy data of various collision processes with a wide range of target, 
projectile and incident energies[6]. 
The method of SFM showed that the dynamical part of multiparticle density fluc-
tuations, irrespective of its exact analytical form, can be brought under the purview 
of experimental investigation and SFMs of integer order were found to depend on 
the phase space resolution obeying a power-law[7]. Experimental evidence for in-
termittent behaviour was found in e+e~ annihilation[8], hadron-hadron[9], hadron-
nucleus[10] and nucleus-nucleus collisions[10,ll]. Recently, an evidence for intermit-
tency has also been observed in nuclear multifragmentation[12,13]. Moreover, XA49 
Collaboration[14] carried out an event-by-event analysis of fluctuations in central 
Pb-Pb collisions at 158 GeV per nucleon energy. Thus, during the last 20 years or 
so, the field of intermittency has generated considerable interest within and outside 
the high-energy physics community [7]. The importance of studying dynamical fluc-
tuations lies in the fact that these fluctuations may occur during the formation of 
quark-gluon plasma . Furthermore, study of fluctuations helps understand the mech-
anism of QGP formation[15,16] in ultra-relativistic heavy-ion collisions. The method 
of scaled factorial moments is an important and useful tool for investigating dynami-
cal fluctuations, especially when these fluctuations are large in rapidity distributions. 
These fluctuations may be used as a possible signature of the phase transition[17] 
from ordinary nuclear matter to de-confined state of QGP. 
The next section of this chapter presents the methodology necessary for study-
ing intermittency in relativistic nuclear collisions. Sections 4.3 and 4.4 give a brief 
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description of some of the most important and useful models describing the inter-
mittent behaviour and the occurrence of possible phase transition. Finally, various 
important features of the occurrence of intermittency observed in 14.5A GeV/c "^^Si-
nucleus interactions are discussed in Section 4.5. A comparison is also made between 
the experimental results and those obtained in the case of FRITIOF generated data. 
4.2 Methodology for investigating intermittency 
Single particle density distribution of charged secondaries produced in a high-
energy nuclear interactions exhibits rapid fluctuations containing spikes and dips. 
Such fluctuations are envisaged to originate from two different sources: (i) from the 
statistical noise due to finite multiplicity of particles in an event and (ii) from some 
nontrivial dynamical reason that cannot be directly measured in an experiment. 
When the density function is averaged over an entire sample of events, the effect 
of statistical noise can be reduced to a large extent. When the dynamical part of 
these fluctuations is averaged out, a smooth distribution of the final state particles 
is obtained[7]. The observation of dynamical fluctuations has generated considerable 
interest in the study of intermittent behaviour in high energy nuclear collisions. 
Bialas and Peschanski[5] have proposed the method of scaled factorial moments 
and have applied it successfully to study the salient features of intermittency theo-
retically. According to these authors, a limited pseudorapidity range Arj is divided 
into M bins of equal size, 6r} = ^ . If n^ represents the number of particles appear-
ing in the m*'' bin, where the value of m varies between 1 and M. On applying the 
averaging method, one gets two types of moments, namely, horizontal and vertical 
factorial moments. 
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4.2.1 Scaled factorial moments 
Bialas and Peschanski[5] proposed method of factorial moments for investigating 
non-statistical fluctuations in multiparticle production. The factorial moment of q*^ 
order involving multiparticle production in a single event is defined[5] as: 
' h N{N-l) ( iV-9 + 1) ^^-'^  
where N represents the total number of charged particles in an event lying in the 
pseudorapidity interval, A77 and Um is the number of relativistic charged particles in 
the m"" bin for a single event and q is a positive integer. 
Now, for a sample of events having varying multiplicities, the above expression 
transforms to[5,18]: 
F = M'- i V "'"(""'-^^ ( n ^ - g + 1 ) 
t , <N>'' ^ • ^ 
where < AT > is the mean multiplicity of the particles for all the events in the interval 
Ar7,which is also called phase space window. The average value of q*'' order factorial 
moment for an ensemble of events may be obtained using: 
The average factorial moment < Fg > averaged over all the events considered is 
equal to the moment of a true probability distribution of the particle density in 
pseudorapidity space[5]. Thus the problem of statistical fluctuations due to a finite 
number of particles per event present is considerably reduced. It may be of interest 
to note that for a smooth rapidity distribution, which do not show any fluctuations, 
except the statistical ones, < F, > is considered to be independent of the resolution, 
5r] in the limit 5r} ->0. However, in the presence of non-statistical fluctuations, the 
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scaled factorial moments will obey a power law behaviour may be expressed as 
'AT/ 
<F„>= 9 
, 6 , < ^ - ^ ' 
It has been pointed out that [5] </>, characterizes the strength of intermittency when 
the above power law is true. Hence, a characteristic linear rise of In < Fg > with -InSr] 
for all the bin widths ST], down to the smallest one i.e., up to the limit of experimental 
resolution or the statistical limit, is predicted. The power law behaviour of < F, > 
is referred to as intermittency and the exponents, 0* are known as intermittency 
indices, which can be directly obtained from the slopes of In < Fg > versus -\n6r) 
plots. The slope, <?!>, a characteristic parameter of the intermittency is calculated 
using the following expression: 
-A/n < F, > ,^  ., 
^ ' - MnS, ^'-'^ 
The physical meaning of 0, has been explained [5] reasonably well on the basis of the 
self-similar cascade model. 
The scaling behaviour of the factorial moments is correlated[19] with the physics 
of fractal objects (particle emission sources) through the anomalous fractal dimensions 
dg, which can be computed directly from the fitted slopes, (ji,, by using the following 
relationship [20] 
d, = ^ (4.6) 
In order to explain the non-uniform shape of the single-particle pseudorapidity dis-
tribution varying within a finite bin of width 5r], it was suggested by Fialkowski et 
al.[21] that the factorial moments can be corrected by including a M dependent factor 
Rg expressed as : 
i?, = M'- i T l i ^ ! I L ^ (4.7) 
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where 
The corrected g"" order scaled factorial moment is, therefore, given by the following 
expression: 
< F, > ,^ ,= 1 ^ (4.9) 
It may be noted that for flat distributions, the correction factor, i?,, is not of much 
significance. 
The value of ?"' order vertical factorial moment can be determined using the following 
expression: 
™ 1 v^ rim{nm-\) (n^-g + 1) , . 
On performing averaging over all the events, the above expression would take the 
form: 
^ ^ M ^ F T ^ " " < n ' >i ^ ^ ^ 
where 
2 Afevf 
< «m >= T ^ E "m,i (4.12) 
-'Vert i=i 
denotes the average multiplicity of the data sample consisting of a total number of 
Nevt events. 
4.3 Random cEiscade model 
The results obtained[5,22] from the study of fluctuations in phase-space densities 
could reveal the mechanism of multiparticle dynamics in multiparticle production 
process[23]. 
In fact, there are some preliminary experimental evidences[24] indicating the exis-
tence of intermittent patterns in rapidity distribution. It was suggested by Bialas 
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and Peschanski[24], that this may be taken as a new manifestation of the transition 
between quarks and gluons and hadrons in multiparticle production, a crucial role 
being played by random cascading effects. 
It is worthmentioning that use of an analogous approach for studying intermit-
tency phenomenon in relativistic nuclear collisions is a matter of huge interest. The 
phenomenon of intermittency in turbulence was first explained with the help of cas-
cade model [25] and was modified by Bialas and Peschanski, so as to make it useful 
and effective for explaining multiparticle production in relativistic nuclear collisions. 
In this model, the pseudorapidity space is divided in a series of self-similar steps. For 
instance, if M represents the number of bins resulting from the binning of the total 
phase space into A parts of each step of /x iterations of self-similar cascade, then M 
may be calculated from: 
M = X'' = ^ (4.13) 
or] 
for a total rapidity range A// divided into bins of width 6T). 
The phase space division can be explained in terms of Cayley tree displayed in Fig. 
4.1 or the phase space division box diagram shown in Fig. 4.2 for the case of A=2. 
According to cascade model, a single multiparticle event can be described by a set 
of randomly chosen numbers, W's, one for each box of the phase space division dia-
gram. The random numbers are taken as independent random realization of a random 
function following an arbitrary probability distribution r(W) with the following con-
straints: 
<W''>=fWT{W)dW (4.14) 
and 
<W >= 1 (4.15) 
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^ 
Fig. 4.1 Cayley tree representation of intermittency. 
 
 
 
 
 
  
 
 
 
103 
Fig. 4.2 Box diagram of intermittency. The initial phase space is divided into 
boxes following the Cayley Tree scheme of Fig. 4.1 
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The normalized density P^ in the m"' bin is given by: 
Pm = J7f[ Wn (4.16) 
^"^ M<p{m)> ^ -^^ ^^ 
where p{m) denotes the particle density in the m*'' bin for which the path is defined 
through a sequence of indices n. 
It may be stressed that in the case of second event, the random cascade model 
takes a new set of random choices for all W's in the tree structure. In random cascade 
model the intermittent behaviour can be expressed as: 
F, =< (MP„r > =< n w' > = ( I ) ! ^ ^ (4.18) 
This model gives the value of intermittency indices, which may be calculated from 
ln<W''> , , ,^-
This shows that the indices described above possess a multifractal spectrum [26]. 
The random cascade model is also called a:-model[27] for A=2, where the distribution 
r(W) can be defined in terms of a two level probability distribution given below: 
r{W) = pS{W -W_) + {1- p)6{W - W+) (4.20) 
where 0<W^ <W+ 
and the normalization condition demands 
pW-+ {I - p)W+= 1. (4.21) 
In the above expression W+{> 1) is the density of enhancement which occurs with a 
probability p at each step of the cascade and W-{< 1) denotes the density depletion 
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with probability (1-p). "Spikes" and "Valleys" are created in the rapidity distribution 
due to increase and decrease in the density respectively. For this particular case, 
intermittency indices can be calculated from: 
ln\pWl + (1 - p)Wl] 
'^ ^ = 1^2 ^ -^^ ^^ 
4.4 Phase Transition and Ginzburg-Landau model 
Relativistic heavy-ion collisions are one of the most important sources to under-
stand the vacuum properties of QCD. In these collisions a new state of matter, known 
as quark-gluon plasma, is expected to be formed. This new state of matter is envis-
aged to be the hottest and the densest form of matter. The phase transition from 
de-confined QGP state to the confined hadrons is believed to take place due to subse-
quent cooling of the system. It may be noted that the only experimental observables 
are the final state particles. One, therefore, looks for the "finger prints" of such a 
phase transition by investigating the properties of these particles. 
The importance of studying non-statistical fluctuations lies in the fact that these 
fluctuations may occur during the QGP phase transition[28-32]. Several theoret-
ical models have been proposed to explain the phase transition from confined to 
de-confined state. However, Ginzburg- Landau model has been successfully used to 
explain the features of the occurrence of phase transition which can be tested by 
comparing the predictions of this model with the corresponding experimental re-
sults [33,34]. 
It has been pointed out after extensive studies in the lattice gauge theory[35-
37] that the QCD phase transition may be of second order or a weak first order 
depending upon number of quarks involved in problem. If there are only two mass-
less quarks, then the transition will be of second order. However, if three massless 
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quarks are involved, then the transition will be of the first order[38]. The Ginzberg-
Landau model has been extensively used for describing the scaling behaviour of the 
scaled factorial moments for both first[26,38-40] and second order[38] phase transi-
tions. The multiplicity difference correlations[40] and multiplicity distributions in the 
phase space[26,38,41] is also explained by this model. For calculating the factorial 
moments, entire phase space is divided into small bins, each of width 6T]. Here, S 
represents SyS{\npT), where y is the rapidity and pr is the transverse momentum. 
The scaled factorial moments has been defined[40] as: 
F,{8) = ^ (4.23) 
/ i 
where 
f, = - fD<t>{f dz\<l>\yexp{-F\4,\) (4.24) 
z J Js . 
and 
z = j D<i>exp{-F\(j)\) (4.25) 
The free energy function, F, is expressed as: 
F(0) = fdz[a\(l)^\ + b\^'\ + c\A(l>\^] (4.26) 
where a is proportional to (T-Tc) and represents deviation from the critical point. 
It may be noted that b and c appearing in the expression of free energy function F 
satisfy condition 6, c > 0 and |<^ p is related to the multiplicity density of the system. 
4.5 Results and discussion 
4.5.1 Study of ln< F, > versus -InSrj plot 
Variations of In < Fg > with -InSr] for the experimental and FRITIOF generated 
data are displayed in Figs. 4.3 and 4.4 respectively for CXO, emulsion and AgBr 
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Fig. 4.3 Plots of ln<F,> as a function of -JnSri for the experimental 
data on 14.5A GeV/c ^°Si-nucleus collisions 
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data on 14.5A GeV/c ^°Si-nucleus collisions 
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groups of targets for the interactions caused by 14.5A GeV/c "^^Si nuclei. The solid 
lines in these figures are obtained by the least squares fits to the data. From the figures 
it is clearly seen that for all the three types of interactions, the scaled factorial moment 
linearly increases with decreasing bin size 6T) for both the data sets, indicating thereby 
the presence of intermittent behaviour for all the three categories of interactions. It 
is also evident from these figures that scaled factorial moments have relatively higher 
values for the interactions due to CNO in comparison to those for the AgBr targets. 
This may be due to low multiplicities in the interactions due to CNO as compared 
with those for AgBr targets[43]. 
4.5.2 <^ , as a function of q 
The linear dependence of In < Fg > on -\n6ri gives the intermittency indices, (pq, 
which are related with the strength of intermittency effect. Table 4.1 gives the values 
of (j)q for different orders of moments q for both experimental and FRITIOF data 
sets for the interactions of 14.5A GeV/c ^^Si nuclei with CNO, emulsion and AgBr 
targets. 
Plotted in Fig. 4.5 are the variations of 0, with q for the experimental and 
FRITIOF data sets for CNO,emulsion and AgBr targets in 14.5A GeV/c. The slopes 
0, show an increasing trend with q for both the data sets for all the three classes of 
collisions. Furthermore, the patterns of the variations for the three groups of targets, 
namely, CNO, emulsion and AgBr are essentially similar. 
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Table 4.1 Values of the slope parameters for various order of the moments for the 
interactions of 14.5A GeV/c ^*5i nuclei with CNO, emulsion and AgBr 
groups of targets. 
Type of interaction 
Si-CNO 
Si-Em 
Si-AgBr 
(h 
0.397 
±0.036 
0.327 
±0.034 
0.312 
±0.038 
(t>z 
0.817 
±0.130 
0.824 
±0.129 
0.746 
±0.137 
<?!»4 
1.399 
±0.160 
1.375 
±0.171 
1.276 
±0.164 
<i>f> 
1.986 
±0.151 
2.104 
±0.129 
1.933 
±0.047 
<l^6 
2.543 
±0.143 
2.742 
±0.144 
2.575 
±0.174 
4.5.3 Variations of anomalous dimensions, dq with q 
Fig. 4.6 exhibits the plots of the anomalous dimensions, d,, as a function of q 
for the experimental and FRITIOF data sets for CXO, emulsion and AgBr groups of 
nuclei for the interactions caused by 14.5A GeV/c ^^5z-nucleus collisions. The nature 
of variations of dq with q in these figures is observed to be almost similar for both 
experimental and FRITIOF data for all the three categories of interactions. It may 
be mentioned that no strong target mass dependence is discernible in these figures. 
4.5.4 Non-thermal phase transition 
Bialas and K. Zalemski[42] have proposed that intermittent behaviour in the final 
state of multiparticle production in a heavy-ion collision may be a projection of 
non-thermal phase transition, which is believed to occur during the evolution of the 
collision, may be responsible for producing anomalous events. A non-thermal phase 
transition in heavy-ion collisions is a type of transition in which the new phase need 
not be characterized by its thermodynamic behaviour. The presence of non-thermal 
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phase transition can be inferred by finding the value of A, from 
A, = ^ ^ ^ ± ^ (4.27) 
Q 
It has been stressed[42,43] that A, may have a minimum value for some real value of 
q=gc in the regions characterized by ^ < QC- resulting in the dominance of small fluc-
tuations and in the region q > Qc, occasionally some large fluctuations are envisaged 
to occur. Plots of A, as a function of q for the experimental and FHITIOF data for 
the CNO, emulsion and AgBr categories of interactions are displayed in Fig. 4.7 for 
14.5A GeV/c ^*5i-nucleus collisions. It is observed from this figure that for both the 
data sets, the minima of A, occur at ^c=4 for all the three types of interactions. It is 
interesting to note that occurence of phase transition [43] may be discerned by these 
minima in the plots of the variations of A, with q. 
4.5.5 Ginzburg-Landau description 
Recently, it has been shown that self-similar behaviour in multiplicity fluctuations 
exists in the Ginzburg-Landau description of second order phase transition[44,45]. 
The power law scaling behaviour between < F, > and < F2 > is expressed as: 
< F, > = < F2 >^' (4.28) 
Displayed in Figs. 4.8 and 4.9 are the variations of ln< F, > with ln< F2 > for 
the experimental and FRITIOF data sets respectively for CXO, emulsion and AgBr 
groups of targets. The slope coeflScients /?,, are obtained from the linear fits to the 
data exhibited in these figures. It can be observed from these figures that ln< F, > 
tends to increase linearly with ln< Fj > for both the data sets for all the three types 
of interactions. 
Hwa and Nazirov[44,45] have shown that the slopes ^g in Eq. 4.28 can be used 
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to probe the nature of intermittent systems. They have discussed the intermittency 
phenomenon of hadrons arising from quark-gluon plasma in accordance with the 
Ginzburg-Landau description of the second-order phase transition[46] and have ob-
tained the relation: 
0, = {q-ir (4.29) 
where u is the scaling exponent. The scaling behaviour represented by Eq. 4.29 is 
universal and the scaling exponent u is independent of the details of the phase tran-
sition. The slopes 0g and scaling exponent i/ are independent of the phase space bin 
size and also of the dimensions of phase space[44,45,47,48]. 
The variations of ln/3, with \n{q — 1) for the experimental and FRITIOF data 
are exhibited in Fig. 4.10 for CNO, emulsion and AgBr targets. The presence of 
a second order phase transition in the hadronization process of high energy- interac-
tions is indicated in our experimental data as the scaling exponent ly is found to be 
1.131±0.059, which is quite less in comparison to the critical value 1.304[46]. 
4.5.6 Levy index 
An important characteristic of multiparticle final state in high energy collisions 
under self-similar multifractal system is a parameter known as Levy index, /i[49,50]. 
Levy index gives an idea about the behaviour of elementary fluctuations at the tail. 
It may be noted that /i=0 means monofractality, /i < 1 corresponds to the so called 
"calm" singularities, while // > 1 indicates "wild" singularities. Hence, /i is also taken 
to be a measure of the degree of multifractality. 
As already discussed the anomalous dimensions rf, and intermittency indices </>, 
follow Eq. 4.6. In terms of Levy index //, the anomalous dimensions, dg, are related 
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[51] as: 
H-1q-1 d . - - ^ ' - ^ (4-30) 
where Ci is a constant. Intermittency indices <j)g in terms of fi can be expressed as[51]: 
The Levy stability theory predicts that pL should lie between 0 and 2 i.e., 0< jx <2, 
For /—>^  2, Eq. 4.31 would have the form 
*, = ^ , i < ^ (4.32) 
An interesting point to be noted here is that whereas Eq. 4.32 is valid for any real 
value of q, including ^ < 0, Eq. 4.31 is inapplicable for 9 < 0. An alternative form of 
Eq. 4.31, being valid for g < 0, in the limit /^—> 2 may be written as: 
*^ 9 = *^ 2 ^ ^ _ ^ (4.33) 
Fig. 4.11 shows the variations of 0, with q for the experimental and FRITIOF data. 
The solid curves in the figure are obtained using Eq. 4.31, whereas dashed lines 
correspond to Eq. 4.32, indicating the central limiting case. By fitting Eqs. 4.31 
and 4.32 to the data used in the plot of Fig. 4.11, the Levy index ^ for the hadronic 
system in 14.5A GeV/c ^*5i-nucleus collisions is found to be 1.509±0.059 and for the 
FRITIOF data the value of /i turns out to be 1.489 ±0.040. Both these values of /x lie 
between 0 and 2 and support the Levy stability theory. The multifractals correspond 
to "wild singularities" for // greater than unity for both the data sets. 
4.5.7 Multifractal spectrum and Renyi dimensions 
There are wider applications of multifractal analysis in different branches of sci-
ence[52]. The most commonly used parameters in multifractal analysis are i) Renyi 
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dimensions, D,=l-d, and ii) multifractal spectrum, f{a) = qa-Tg where 
r , = 9 - 1 - </., (4.34) 
and 
Q = ^ (4.35) 
dq 
Renyi dimensions, Dq, in terms of the intermittency indices 0, is expressed[27| as: 
D, = ^ (4.36) 
q- 1 
Therefore 
D, = i ^ i ^ (4.37) 
Having calculated some values of (j)g for the experimental data, a continuous spectrum 
of 4>q is obtained using Eq. 4.33. By using these values the multifractal spectra, 
/ ( a ) , is determined. Using Eq. 4.36, the Renyi dimensions, Dq, and multifractal 
spectrum f{a) are calculated for q lying between 1.0 to 9.0, in steps of 0.2. In Figs. 
4.12 and 4.13 Renyi dimensions Dq versus q and f{a) versus a plots are displayed 
respectively for the experimental as well as FRITIOF data. Fig. 4.12 exhibits a 
decreasing pattern of Renyi dimensions Dq with q, revealing thereby the occurrence 
of multifractal behaviour in multiparticle production in nuclear collisions at high 
energies. In Fig. 4.13 one may observe that the multifractal spectra f{a) attain their 
maxima at around a = 5 for both the data sets and begin to decline thereafter upto 
a = 7 for the FRITIOF data and a = 9 for experimental data. 
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CHAPTER V 
Multifractal Specific Heat in Relativistic Nuclezir Collisions 
5.1 Introduction 
Unusually large fluctuations in rapidity density distributions may be a reflection of 
a possible phase transition from ordinary matter to a quark-gluon plasma, predicted 
by QCD to occur in high energy nucleus-nucleus collisions. It may also occur due 
to minijets at very high energies, or due to other collective phenomena. The occur-
rence of non-statistical fluctuations in phase space observed in high energy collisions 
has generated considerable interest in investigating the mechanisms of multiparticle 
production[l-4] in relativistic nuclear collisions. Several models have been proposed 
to explain the occurrence of anomalous fluctuations like, the formation of a quark-
gluon plasma (QGP) and its secondary transitions to the hadrons in the final state, 
a self-similar cascade mechanism as the random a model, the formation of jets with 
a self-similar branch-cascade process, multiparticle short-range correlations, etc. But 
the lack of availability of sufficient experimental data makes it difficult to draw a 
distinction between diflferent models. Moreover, all the experimental data cannot be 
explained by any of these models. Thus, there is a greater need to carry out a thor-
ough experimental and theoretical analyses using more experimental data in order to 
overcome these deficiencies in the analysis of anomalous fluctuations. 
Several studies have been undertaken[l-4] in respect of anomalous fluctuations in 
high energy nuclear collisions. Bialas and Peschanski[5] were the first to have sug-
gested the method of scaled factorial moments for studying event-by-event particle 
density fluctuations as a function of decreasing rapidity width. The main advantage 
of this method is that it considers each event in the analysis and thus, allows the 
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study of dynamical intermittency patterns which might, otherwise, be hidden by the 
statistical fluctuations in the pseudorapidity distributions observed in some high en-
ergy experiments[5,6]. The method of scaled factorial moments[5] thus reduces the 
statistical effect and isolates the dynamical phenomenon. 
An interesting feature of this method is that if intermittency exists, the scaled 
factorial moments (F,) of the multiplicity distribution in pseudorapidity space should 
exhibit power law dependence with decreasing bin width 5i] of the pseudorapidity win-
dow. This power law behaviour of the scaled factorial moments reveals scale invariant 
dynamics which is observed in self-similar random cascade model[7]. However, this 
model predicts only an approximate power law in a limited range of pseudorapidity 
interval. 
Despite many interesting features, the method of scaled factorial moments suffers 
from a serious limitation that the orders of the moments, q, are defined for positive 
integers, i.e., q > 2. Consequently, the generalized dimensions Dq, can be obtained 
for q > 2, though Do and Di are considered to be more important. For overcoming 
this problem, Hwa et al. [6,8-10] have proposed a new set of multifractal moments, 
called Gq moments, to analyse large density fluctuations, observed in high energy 
nuclear collisions. These G, moments are deflned for arbitrary orders q, having both 
positive and negative real values. Thus, one can use this method to explore not only 
the spikes in the pseudorapidity distributions but also the non-empty valleys which 
occur in the region characterized hy q < 0. However, these moments saturate in 
the limit 6T} —> 0, where the particle multiplicity in the non-empty bins approaches 
unity and it is particularly not easy to separate the statistical contribution to the 
fluctuations[ll]. 
In order to suppress the statistical fluctuations Hwa and Pan[6,12,13] have sug-
 
 
 
 
 
  
 
 
 
130 
gested a modified form of the G, moments by introducing the step function which 
can act as a filter for the low multiplicity events. A relation between intermittency 
indices and generalized dimensions was obtained by Hwa and Pan [6]. The method of 
Gq moments has been used to understand the multifractality in lepton, hadron and 
nuclear collisions[14-16]. However, a common limitation of F,, Gq and modified Gq 
methods, described above, is that the experimental data on Fq and Gq do not show 
the linear behaviour on log-log plot. This may partially be attributed to the fact 
that most experiments[17] are unable to give the required mathematical limit: the 
number of points tend to become infinity. 
Keeping in view the limitations of the earlier methods, Takagi[18] proposed a 
new approach to study multifractality in multiparticle production and applied it 
successfully to investigate the phenomenon of fractality in UA5 data on proton-
antiproton collisions[19] and TASSO and DELPHI data on electron-positron anni-
hilations[20,21]. Multifractality in 800 GeV f>-emulsion collisions[22] was also studied 
using this method. However, this method suffers the limitation that it can be used 
to obtain the values of generalized dimensions for g > 1 only. 
The methods, discussed above, help us obtain multifractal spectra for the experi-
mental as well as simulated data. These methods also lead to a better interpretation 
of the thermodynamic behaviour of multiparticle production in high energy nuclear 
collisions. An important thermodynamic property is the specific heat. The impor-
tance of the study of specific heat stems from the fact that a sudden change in the 
value of specific heat may be considered as signals for a phase transition[23]. In 
this chapter the multifractal specific heat, c, is calculated for the experimental and 
simulated data for three groups of targets, namely, CXO, emulsion and AgBr to give 
some thermodynamical interpretation to the observed behaviour of intermittency and 
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multifractality of multiplicity fluctuations in 14.5A GeV/c ^*Si-nucleus interactions. 
The methods of scaled factorial moments, F,, modified multifractal moments, Gq 
and Takagi moments are used for this purpose. The variation of the generalized di-
mensions, Dq, with the order of the moments q corresponding to the three types of 
moments is investigated for the experimental as well as FRITIOF data sets, and the 
generalized dimensions, so obtained, are used for calculating multifractal specific heat 
for each type of moments. In addition to this, the dynamical component of < G, > 
is determined using the method of modified G, moments[6,12,13]. 
5.2 Methodology 
In this section we shall discuss the methodology of F, moments, modified G, 
moments and Takagi moments to calculate the multifractal specific heat. 
5.2.1 The method of scaled factorial moments, Fq 
During the recent years, many investigations[23] have confirmed the power-law 
behaviour of the scaled factorial moments, which can be expressed in the following 
manner: 
<F,> . 0*- (5.1) 
In logarithmic form Eq. 5.1 can be expressed as: 
ln< Fq> =(j)q ln[-^] + c (5.2) 
where c is the constant of proportionality. Such a power law behaviour of scaled 
factorial moments, as indicated by Eq. 5.1, is called intermittency[5], which predicts 
a linear rise oi In < Fq > as & function of —InSrj. It is interesting to note that 
0, appearing in Eqs. 5.1 and 5.2 measures the strength of intermittency and is 
referred to as intermittency exponent. The intermittency exponent can be obtained 
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by performing the best fits according to Eq. 5.2. Following relation connects the 
anomalous fractal dimensions d, and intermittency indices < ,^[5,8,25]: 
d, = ^ . (5.3) 
The values of the generalized dimensions, D,, may be obtained in terms of d, with 
the help of the following expression: 
£>, = 1 - rf, (5.4) 
We can obtain the multifractal specific heat from the method of scaled factorial 
moments by plotting the generalized dimensions, D,, as a function of ln(q/q-l) and 
performing the best linear fits to the data. This has been done in Section 5.3.1. 
5.2.2 Modified Gq moments 
As pointed out earlier, for separating the dynamical and statistical fluctuations 
and to study the self-similar cascade process, it is necessary to suppress the effect of 
the statistical component. For this purpose, the modified G,b moments, as suggested 
by Hwa and Pan[6], are used: 
M' 
G- = 5 : P / ^ ( n , - g ) (5.5) 
where summation is carried out over non-empty bins, M only and 0{nj — q) repre-
sents the usual step function defined as: 
e{nj -q) = < 1 if n,- > a (5.6) 
0 if Uj < q 
the symbols Pj and rij have the same meaning as in the case of ordinary G, moments, 
discussed in Chapter III. For very high multiplicity events, n/M >> q, Gg moments 
and modified G, moments are almost identical [26]. 
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In the theory of multifractality, a self-similar particle emission assumes a power 
law behaviour of the form[7,27,28]: 
G^ oc M ' (5.7) 
where t^ is the modified mass exponent which can be obtained from the slope of the 
plot of In < G^ > versus InM; t^ can be expressed as: 
In order to calculate < G**"' >, Monte Carlo generated events are used. The criteria 
for generating Monte Carlo events have been discussed in detail in Chapter III. Like 
< G, >, < G*'"' > also exhibit power law dependence on M in the following fashion: 
< G^ >*'"' oc M"''"" (5.9) 
The dynamical component of < G^ > can be extracted[14] from 
< G. >*"= Toi^^'' ''•'»' 
It is worth noting that < G^"" > also exhibits the following power law dependence 
on M as: 
< G f " > ex M"''"" (5.11) 
where 
^dyn = fn _ ^stat + ^ _ J (5 12) 
If < G^ >=< Gf* >, then from Eqs. 5.7 and 5.9, t^ = if"* which implies that 
f-dyn — q_i Any deviation of t^ ^" from q-1 would indicate the presence of dynamical 
fluctuations. 
At this point, one may be interested in making a comparison between F, moments 
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and modified G, moments so as to have a better fractal interpretation of intermit-
tency. For this purpose, a relation between intermittency index (t)q and fractal index 
t^ has been developed[6]. The two indices are approximately related as[6]: 
0, ~ 9 - 1 - t'r (5.13) 
The above relationship is not exact as F, moments and modified G, moments are quite 
different and approach each other only in the limiting case for infinite multiplicity. 
From Eqs. 5.3 and 5.4 it follows that D, can be expressed in the following manner: 
D, = l - ^ (5.14) 
Thus, from Eqs. 5.13 and 5.14, we get: 
fdyn 
£>f" ~ y-^-^ (5.15) 
Eq. 5.15 can be used to calculate the values of D^"" for various orders of moments. 
5.2.3 Takagi moments 
As pointed out in the beginning of this chapter each method, namely, scaled fac-
torial moments, F,, G, moments and modified G, moments suffer from one limitation 
or the other. Owing to the finite number of relativistic charged particles multiplicity, 
ng, in an event, the mathematical limit of phase space partition number(M -^ oo) 
can not be realized in practice[29]. Even the step function 0, introduced in the defi-
nition of the modified Gq moments can not completely remove the saturation effects, 
particularly at higher \q\ values[29]. It is, therefore, feasible to study non-statistical 
fluctuations of the high multiplicity of hadrons produced in hadronic and nuclear 
collisions at very high energies. This aspect has been thoroughly investigated by 
Takagi[30] and Miyamura[31]. They have also studied multiplicity distributions in 
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different rapidity bins using scaled factorial moments, F,, approach[5,32]. Thus, em-
phasizing the bin size dependence of the normalized factorial moments of the JACEE 
event. 
Takagi[18] proposed the following method for investigating multifractality of mul-
tiparticle production process. At a given incident energy, a single event contains n 
hadrons distributed in an interval, AT/, characterized by T]min < A77 < rjmax, V being 
the pseudorapidity of a relativistic charged particle defined as: r/ = —ln[tan{9/2)], 
where 0 denotes the emission angle of the particle. 
In Takagi method, the full rapidity space is divided into m bins of equal size, 6r} — 
A77/m. In a single bin multiplicity distribution, P„((5r/) for n=0, 1, 2, 3...., inclusive 
rapidity distribution, dn/dr/, is envisaged to be constant and Pni^v) is regarded to be 
independent of the location of the bin. Thus, particles produced in M independent 
events are distributed in M*m bins, each of size 6T}. Let Uij be the number of charged 
particles in the j * ' ' bin of the i"* event and N be the total number of particles. The 
particle density, Py, is related to Tq{Sr]) in the following fashion[18]: 
M m 
T,iSri) = ln'£EPiJ for g > 0 (5.16) 
where q is the order of the moment. It may be stressed that the above expression is 
similar to a linear logarithmic function of resolution, R(<577), having the form: 
Tg{5r]) = A, + B, lnR{6r)) (5.17) 
where the constants A, and B, are independent of Sri and for the given range of 
R{6T]), the generalized dimensions, D,, may be calculated from: 
D , = ^ (5.18) 
For estimating the fluctuations, Takagi[18] has modified Eq. 5.17 to have the following 
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form: 
In < n" >= A^ + {Bg + 1) lnR{6T]) (5.19) 
It has been suggested[18] that R((5TJ) = < n > would be a better choice as dn/dr; is 
a non-flat distribution in the large rj region and hence one would get the following 
relationship 
ln<n^ >= Ag + {Bg + l) ln<n> (5.20) 
where q is a positive real number and the bracket <> denotes the average taken over a 
considered rapidity for all the events. It may be pointed out that a linear behaviour of 
ln< n ' > as a function of ln< n > would clearly indicate the existence of multifractal 
nature of multiplicity distribution. It may further be noted that the parameters B, 
and D, are independent of the bin width, Srj. The generalized dimensions, Dg, for 
q=2, 3, 4, 5 and 6 may be obtained from the values of the slopes determined from 
Eq. 5.19. However, the value of the information dimension, Di can be calculated 
using the following relation [18] 
^ "^"" ^ = Ci + A /n < n > (5.21) 
< n > 
< nlnn > 
Thus, Di can be obtained from the linear fits of the slope of variation of 
< n > 
with In < n>. 
5.2.4 Multifractal specific heat 
It is believed that multiparticle production in relativistic nuclear collisions is re-
lated to phase transition like phenomenon[33,34]. These phase transitions imply 
anomalous distributions. In order to describe the transition from monofractality to 
multifractality, a multifractal Bernoulli distribution [35] has been introduced recently 
and it is envisaged[28] that this distribution will play a significant role in multiparticle 
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production at high energies. Bershadski[35] has given a thermodynamic interpreta-
tion of the observed results in terms of a constant specific heat, c. Starting from the 
definition of ordinary G, moments, the following relation has been obtained: 
£>, = Doc + c - ^ (5.22) 
q- I 
where Dg has the usual meaning. 
It is clear from Eq. 5.22 that multifractal specific heat, c, can be obtained from the 
slope of the best linear fits of the plots between Dg and -. r. 
( 9 - 1 ) 
It is a fact [36] that in thermodynamics the specific heats of gases and solids are 
constant, independent of temperature over a greater or smaller temperature interval. 
Bershadski[35] in his study has considered the experimental data on 10.6A GeV ^^^U-
Em interactions[37-40] for comparison and concluded that the multifractal specific 
heat, c, was ~ 1/4 for heavy ions and ~ 1/3 for light ions. 
5.3 Results and discussion 
Results on multifractal specific heat and its related aspects concerning the method-
ology of Fq moments, modified Gq moments and Takagi moments are discussed in 
this section. 
5.3.1 Multifractal specific heat by Fg moments 
The values of the generalized dimensions, Dg, for q=2-6, obtained using Eq. 5.14 
for both experimental and simulated data, are listed in Table 5.1; for determining Dq, 
the values of (pq given in Table 4.1 have been used. The variations of Dq with q for the 
experimental and simulated data are displayed in Fig. 5.1 for the interactions of 14.5A 
GeV/c ®^Si nuclei with CXO, Emulsion and AgBr targets. It is seen from this figure 
that the values of Dq exhibit a decreasing trend with increasing q for experimental as 
well as simulated data for the three types of interactions. This confirms the presence 
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of multifractality in the data. The values of £>„ are plotted against Inq in Fig. 5.2 
' " ^ ^ " " ( 9 - 1 ) 
for the experimental and simulated data for the three types of interactions in order 
to determine multifractal specific heat, c. The values of c are tabulated in Table 5.2. 
Table 5.1 Values of £>, for various order of the moments for experimental and 
FRITIOF data in 14.5A GeV/c ^sSi-nucleus collisions. 
q 
2 
3 
4 
5 
6 
CNO 
0.607 
±0.036 
0.591 
±0.065 
0.534 
±0.053 
0.503 
±0.038 
0.491 
±0.028 
£>,(Exp) 
Em 
0.673 
±0.034 
- 0.588 
±0.064 
0.542 
±0.057 
0.474 
±0.032 
0.452 
±0.029 
AgBr 
0.688 
±0.038 
0.627 
±0.068 
0.575 
±0.054 
0.517 
±0.017 
0.485 
±0.035 
CXO 
0.728 
±0.061 
0.598 
±0.072 
0.535 
±0.075 
0.435 
±0.065 
0.410 
±0.023 
£>,(FRITIOF) 
Em 
0.725 
±0.068 
0.617 
±0.077 
0.573 
±0.029 
0.438 
±0.016 
0.414 
±0.017 
AgBr 
0.723 
±0.071 
0.656 
±0.029 
0.646 
±0.022 
0.537 
±0.021 
0.510 
±0.035 
Table 5.2 Values of multifractal specific heat, c, for experimental and 
FRITIOF data in 14.5A GeV/c ^^Si-nucleus collisions. 
Data Type 
Exp 
FRITIOF 
CNO 
0.375±0.065 
0.965±0.067 
Emulsion 
0.667±0.048 
0.943±0.134 
AgBr 
0.608±0.058 
0.626±0.133 
The solid lines in Fig. 5.2 are the best linear fits and the slopes of these lines give the 
values of multifractal specific heat c. It may be mentioned that the values of c for 
the experimental data are significantly lower in comparison to those for the simulated 
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data. This variation may be attributed to the relatively lower statistics considered 
in the present work. 
5.3.2 Determination of multifractal specific heat using modified Gq 
moments 
For obtaining the values of the mass exponents, t^, the variation of ln< G^ > 
with InM for the experimental data are plotted in Fig. 5.3 for the three groups of 
targets. This figure shows a linear behaviour of the type, predicted by Eq. 5.7. The 
values of ln< G™ > against InM for the Monte Carlo generated events are shown in 
Fig. 5.4. It can be seen from the figure that the values of < G^'"' > are relatively 
smaller than those for < G^ >, especially for q>4. These results agree with the 
results of Hwa and Pan[6]. A quite similar behaviour of ln< G^ > versus InM plots 
for the experimental and FRITIOF data are clearly visible in Fig. 5.5. 
The values of f^, tf'K i^"" and (q-l)-ff" for q lying between 2 and 6 are listed 
in Table 5.3. These values have also been plotted against q in Fig. 5.6. A notable 
feature, observable from the figure, is that there is a significant deviation of t^^" from 
q-1, indicating the presence of dynamical fluctuations in the data used. For extracting 
the value of multifractal specific heat from the modified G, moments, the values of 
the generalized dimensions, D,, for the experimental and simulated data are given in 
Table 5.4 for all the three types of interactions. This table reveals a decreasing trend 
of Dq with increasing q for both the experimental and simulated data for various 
types of interactions. However, the values of D, for the experimental data for all 
the interactions are relatively lower than those for simulated data. The values of 
D,, given in Table 5.4, are plotted against in Fig. 5.7 for the experimental 
and simulated data. The slopes of the fitted lines in this figure give the values of 
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multifractal specific heat, c, which are given in Table 5.5. 
Table 5.3 The values of t^, tf"*, i^ s'" and (q-l)-tf" for q lying between 2 and 
6 for 14.5A GeV/c ^^Si-nucleus interactions. 
q 
2 
3 
4 
5 
6 
^1 
0.671 
±0.011 
1.217 
±0.022 
1.652 
±0.030 
1.947 
±0.035 
2.207 
±0.049 
•l-stat 
0.768 
±0.099 
1.480 
±0.025 
2.154 
±0.044 
2.840 
±0.066 
3.489 
±0.089 
fdyn 
0.903 
±0.022 
1.737 
±0.003 
2.498 
±0.014 
3.107 
±0.031 
3.718 
±0.040 
(g - 1 ) - if" 
0.097 
±0.022 
0.263 
±0.003 
0.502 
±0.014 
0.893 
±0.033 
1.282 
±0.014 
Table 5.4 Values of Z), using modified Gg moments for the interactions of 14.5A 
GeV/c ^*Si nuclei with CNO, Emulsion and AgBr groups of targets. 
q 
2 
3 
4 
5 
6 
CNO 
0.665 
±0.014 
0.605 
±0.013 
0.551 
±0.041 
0.487 
±0.014 
0.500 
±0.029 
L>,(Exp) 
Em 
0.671 
±0.011 
0.6088 
±0.011 
0.550 
±0.010 
0.486 
±0.008 
0.441 
±0.009 
AgBr 
0.686 
±0.010 
0.610 
±0.010 
0.546 
±0.010 
0.481 
±0.010 
0.418 
±0.012 
CNO 
0.756 
±0.015 
0.726 
±0.115 
0.702 
±0.018 
0.691 
±0.019 
0.670 
±0.019 
D,{FRITIOF) 
Em 
0.778 
±0.016 
0.753 
±0.016 
0.733 
±0.173 
0.715 
±0.018 
0.699 
±0.018 
AgBr 
0.792 
±0.017 
0.763 
±0.019 
0.743 
±0.206 
0.720 
±0.022 
0.716 
±0.021 
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Table 5.5 Specific heat from modified G, moments for experimental and 
FRITIOF data in 14.5A GeV/c ^ssi-nucleus collisions. 
Data Type 
Exp 
FRITIOF 
CNO 
0.542±0.065 
0.247±0.017 
Emulsion 
0.679±0.080 
0.231±0.020 
AgBr 
0.776±0.091 
0.236±0.016 
From Fig. 5.7 it is noticed that the value of c is much higher for the experimental 
data in comparison to those for the simulated data for the three groups of targets. 
Furthermore, the value of c is observed to increase with increasing target size, whereas 
it remains constant around 0.24 for the three classes of events in the case of FRITIOF 
generated data. 
5.3.3 Multifractal specific heat determination using Takagi moments 
The variations of ln< n ' > with 6r] for the experimental and FRITIOF data are 
shown in Fig. 5.8. The data points for all the categories of events for both the data 
sets are found to lie essentially on straight lines. Nevertheless, a slight deviation is 
observed in the region of higher 6i]. This may be attributed to the fact that the 
value of ^ is not constant in the projectile fragmentation region, where the values of 
pseudorapidities of the particles are relatively higher. The values of the generalized 
dimensions, Z),, for q lying in the interval 1-6 have been obtained using Eqs. 5.19 and 
5.21 for the experimental and simulated data. These values are tabulated in Table 
5.6 for different groups of target nuclei. From the Table 5.6 it is seen that in each 
case, D, decreases with increasing order of the moments, q. These results clearly 
indicate multifractal nature of multiplicity distribution and is strongly supported by 
the Lund Model of nucleus-nucleus collisions, FRITIOF. The variations of ln< n ' > 
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with ln< n > for q = 2-6, for the experimental as well as FRITIOF data for the three 
categories of interactions are shown in Fig. 5.9. It may be seen from this figure that 
both the data sets exhibit expected linear behaviour. 
Table 5.6 Values of generalized dimensions for both the experimental and 
simulated data in 14.5A GeV/c ^*Si-nucleus collisions. 
Data 
type 
Experiment 
FRITIOF 
1 
Interaction 
type 
CXO 
Emulsion 
AgBr 
CXO 
Emulsion 
AgBr 
Di 
0.489 
±0.026 
0.757 
±0.022 
0.996 
±0.089 
0.765 
±0.029 
0.765 
±0.041 
0.815 
±0.028 
D2 
0.468 
±0.027 
0.738 
±0.037 
0.821 
±0.030 
0.663 
±0.020 
0.738 
±0.032 
0.765 
±0.038 
Da 
0.438 
±0.019 
0.716 
±0.026 
0.757 
±0.028 
0.648 
±0.028 
0.725 
±0.037 
0.734 
±0.042 
D4 
0.413 
±0.013 
0.714 
±0.023 
0.739 
±0.052 
0.646 
±0.030 
0.711 
±0.040 
0.716 
±0.043 
D5 
0.410 
±0.043 
0.704 
±0.053 
0.733 
±0.028 
0.640 
±0.032 
0.698 
±0.041 
0.707 
±0.043 
De 
0.398 
±0.016 
0.692 
±0.062 
0.735 
±0.032 
0.632 
±0.029 
0.685 
±0.044 
0.698 
±0.045 
Fig. 5.10 gives the plots of information dimension Di for the experimental and 
FRITIOF data for CNO, Emulsion and AgBr target nuclei. It may be interesting 
to note that all the data points for the three categories of interactions almost lie 
on straight lines. It may be noted that these lines are best fits to the data and 
correspond to Eq. 5.22. An interesting point to mention[18] here is that the data 
points of PP collisions at v^ = 200 GeV and 900 GeV lie on different straight lines, 
while those for e'^e~ collision data at different incident energies; 14-43.6 GeV[18] lie 
on a single straight line, indicating thereby a kind of approximate scaling. Similar 
linear behaviour in In< n ' > versus ln< n > plots have also been observed by other 
workers[19,31]. By plotting Dg against Inq for q = 2-6, we can, therefore, find 
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the values of multifractal specific heat from the slope of the best linear fits to the 
data. Fig. 5.11 shows plots for the experimental and FRITIOF simulated values 
respectively for ^^Si-nucleus collisions. The values of multifractal specific heat for 
both the data sets are given in Table 5.7. 
Table 5.7 The Values of multifractal specific heat calculated using Takagi moments 
for the experimental and simulated data on 14.5A GeV/c ^*Si-nucleus 
collisions. 
Data Type 
Exp 
FRITIOF 
CNO 
0.223±0.002 
0.079±0.008 
Emulsion 
0.125±0.019 
0.154±0.021 
AgBr 
0.256±0.055 
0.199±0.006 
The above table does not show any systematic trend in the value of c as a function 
of target size for both experimental and simulated data sets. However, the value of c 
is found to increase with increasing target mass for the FRITIOF generated data. 
5.3.4 Comparison of Results 
Results of any analysis similar to the one carried by us, should be comparable to 
the values of D,, D**"', D^"", d, and (q-1) - t^ ^" obtained using different approaches. 
Thus, for a comparison , we have plotted in Fig. 5.12, the values of the generalized 
dimensions, £),, obtained using the three different approaches, for the experimental 
and simulated data. The figure clearly indicates that D, decreases with increasing 
q and is less than unity for all the order of the moments for both the data sets. 
This, therefore, explains self-similar nature of multiparticle production in high en-
ergy nuclear collisions. It can also be observed from this figure that D,, obtained 
from F, and modified G, moments, decrease rapidly in comparison to those obtained 
from Takagi moments. However, figure also shows the steep fall in the value of D,, 
obtained from F, moments as compared to those obtained from modified and Takagi 
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moments for the FRITIOF data sets. The difference in the trend of D„ obtained 
from the three methods is largely attributable to the differences in their definitions 
and the limitations of the individual method. 
The values of D,, D*'"', D^"" and d,, obtained from modified G, moments and 
F, moments are shown in Fig. 5.13. The multifractal structure of the self-similarity 
problem is evident from the decreasing trend of D^"" with increasing q. Fig. 5.13 
clearly reflects the complimentary nature of the intermittency and multifractal ap-
proaches. As can be seen, the anomalous fractal dimensions, d,, and the generalized 
dimensions, D^"", add up to unity. The dependences of 0,, (q-l-t,) and (q-l-t^"") on 
q are exhibited in Fig. 5.14. One can see from this figure that 0, values differ from 
the respective (q-l-t,) values only marginally. This small difference is likely to arise 
due to different definitions of SFMs and modified G, moments. 
One may like to compare the values of multifractal specific heats obtained using 
the three approaches; these values are given in Tables 5.2, 5.3 and 5.7. It is seen 
from these tables that the common feature of the multifractal specific heat obtained 
from all the three approaches is that there is no systematic variation in the value of 
multifractal specific heat for different order of the moments. The differences in the 
value of specific heat obtained from the three methods are mainly due to different 
values of D, determined in terms of the parameter used in the three approaches. 
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CHAPTER VI 
Summary and Conclusions 
Until the early 1980s research in experimental high energy physics was more or 
less stagnant, lacking sufficient experimental information which could improve the 
reliability of the results. It is interesting to mention that the first generation of ac-
celerators were fixed-target machines, where beams of ions were accelerated to the 
operating energy and then extracted and steered on to a stationary target. In the 
fixed target mode, usefulness of the study of relativistic nuclear collisions increased 
tremendously with the availability of heavy-ion beams from the AGS, BNL and SPS, 
CERN. The second generation of heavy-ion accelerators became available with the 
construction of RHIC which became operational at Brookhaven National Laboratory, 
New York in 2000. Preliminary results from RHIC have indicated the possibility of 
formation of quark-gluon plasma. This has encouraged high energy physicists to 
plan to study nuclear collisions at LHC energies; LHC is likely to be commissioned 
shortly. 
In the present work, an attempt is made to investigate dynamical fluctuations 
in multiplicity and pseudorapidity distributions of relativistic charged particles pro-
duced in nuclear collisions. Idea of the dynamical fluctuations as a signal for the QGP 
formation is stems from the fact that formation of QGP would manifest itself in non-
linear particle emission resulting in unusual peaks and valleys in the multiplicity and 
pseudorapidity distributions. A systematic study of the emission characteristics of 
the produced particles may provide some useful and interesting clue about the con-
ditions prevailing during the relativistic nuclear collisions. It is in this context that 
various emission characteristics of secondary particles produced in nuclear collisions 
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at relativistic energies are investigated using a stack of emulsion pellicles, exposed to 
14.5A GeV/c nuclei of silicon. 
The average multiplicity < rij >, where(x=b, g, h and c) bears a strong de-
pendence on target mass with increasing tendency for the experimental as well as 
FRITIOF data. Furthermore, multiplicity distributions of relativistic charged par-
ticles, rij, and compound multiplicity Uc are reproduced very well by the negative 
binomial distribution. Besides this, 77 distributions of relativistic charged particles 
produced in nucleus-nucleus collisions are extensively investigated; these distribu-
tions fit very nicely by Gaussian distributions. Also, the peaks of the 77 distributions 
are observed to occur in the central part of the 77 spectra for both the experimental 
and FRITIOF data. Further, 77 distribution is found to be insensitive to the target 
mass for both types of data. 
Another interesting result of the present study is the behaviour of D{rj) distribu-
tion, which remains essentially unchanged. However, height of the central maximum 
tends to increase with increasing n^. Discernible peaks are observed to occur in the 
central part of 0(77) distributions and these peaks tend to shift towards lower value 
of D(77) with increasing n«. 
Also, a strong correlation is observed to exist between n^ and Uc with < TI, > 
individually as compared to those for Hh and n/, with < n, >. Further, uj, and n^ are 
also strongly correlated individually with < n/i >, whereas relatively weak correlation 
is observed to occur between Uc and n^  separately with < Uh >• 
As stated earlier, dynamical fluctuations are regarded as one of the most important 
signatures of QGP formation. The study of dynamical fluctuations in multiplicity 
and pseudorapidity distributions of relativistic charged particles produced in high 
energy nuclear collisions, therefore, assumes greater significance. In the study of dy-
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namical fluctuations in multiplicity and pseudorapidity distributions of the produced 
particles, it is possible that some statistical fluctuations may also exist, arising due 
to the difference in the impact parameter of the various collisions producing these 
particles. A rigorous attempt is required to be made to separate out the statistical 
contribution to the fluctuations so as to look for the occurrence of fluctuations due 
to some novel physics phenomena. For investigating this aspect, the methods of G, 
moments and F, moments are employed. 
While investigating the features of multifractality in 14,5A GeV/c ^*Si-nucleus 
collisions with G, moments as function of phase space bin, 7^7, it has been observed 
that ln< Gq > varies linearly with -\n6r]. For positive orders of the moments q, G, 
moments exhibit linearity over a wider range of InSrj, whereas for negative values of q, 
they tend to saturate with decreasing values of -InSr]. Thus, a self-similar behaviour 
is clearly discernible in the study of multiparticle production process owing to linear 
rise of multifractal moments in the entire rapidity space. Furthermore, multifractal 
moments for the interactions due to CNO targets are found to saturate earlier than 
those for the collisions due to AgBr targets. 
Trends of increase in mass exponents, t,, are quite different for the positive and 
negative orders of the moments. In the region corresponding to negative values of 
q, increase in t, with q is relatively sharper than the one in the region for positive 
values of q. Based on the results of the present study, it may be stressed that dynam-
ical contribution to the fluctuations is present. Moreover, the mass exponents, tg, 
determined for both the experimental and FRITIOF data reveal strong target mass 
dependence. The values of t, are observed to be relatively smaller for the interactions 
due to AgBr as compared to those for the CNO targets in the region characterized 
by q <1, whereas for 9 >1 just the opposite behaviour is noticed. 
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Approximately decreasing pattern is observed for the generalized dimensions, D, 
with increasing q for both the experimental and FRITIOF data, indicating the gen-
eral characteristic of the multifractals. However, at q = -3 and q = 5, a deviation 
in the said behaviour is observed following some unknown statistical reasons in the 
data samples used. Also, Dg is envisaged to depend on the target size due to increase 
in the average multiplicity with increasing target size. 
Dependence of the dynamical components of the generalized dimensions, D^^^, 
has been critically looked into for the targets considered in the present study; no 
target m£iss dependence is discernible in D^"". It may be noted that D^ *"* increase 
slowly upto q <-2, and thereafter exhibit sharp increase in the region characterized 
by —2 < 9 < 2; saturation region occurs for q >2. 
The values of spectral function i{ag) have been calculated for various values of 
a, and f(Q:,) are concave downward in shape having their centres at a , = 0 and a 
common tangent at an angle 45°f(a:,) = a, for certain values of a,. However, for 
none of the three data sets, one does not notice sharp peaks in the spectra, indicating 
thereby that the rapidity distributions plotted on e-by-e basis are not smooth. Also, 
the spectral function f(a:,) is observed to be essentially mass independent. 
The rescaling of the spectral function f(aq) for the three groups of targets and for 
the data sets, experimental, FRITIOF and Monte Carlo events, considered indicate 
the presence of some kind of universality in multifractal structure. 
The observed power-law behaviour of the scaled factorial moments, F,, with de-
creasing bin size, STJ, referred to as intermittency, hints towards the presence of dy-
namical fluctuations in relativistic nuclear collisions. The analysis of the data in 
terms of the scaled factorial moments reveals the presence of intermittent behaviour 
for the three categories of targets: CNO, emulsion and AgBr for the experimental 
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as well as FRITIOF generated data. This directly follows from the linear rise of the 
scaled factorial moments with decreasing bin size, Srj. The scaled factorial moments 
also exhibit target mass dependence for both types of data, as the values of the scaled 
factorial moments are relatively higher for the interactions due to CNO in comparison 
to those for the AgBr targets. 
The slopes of ln< F, > versus -InSrj plots give the strength of intermittency, <f>q. 
The values of these slopes are found to increase with the order of the moments, q, 
for all the three categories of interactions. 
For investigating fractal nature of particle emission sources, the anomalous di-
mensions, dg, are computed for both the experimental and FRITIOF data for the 
three groups of target nuclei. The trends of variations of d, with q is observed to be 
essentially similar for both the data sets for the three categories of interactions. 
In order to ascertain the presence of non-thermal phase transition in heavy-ion 
collisions, trends of variations of A, with the orders of the moments q have been 
investigated. In the plots of A, vs q minima occurs at qc = 4 for all the three types 
of interactions, thereby indicating the occurrence of phase transition. 
In Ginzburg-Landau description, the factorial moments are predicted to exhibit 
scaling behaviour with the second order factorial moment. This evidence is ade-
quately supported by the fauct that ln< Fg > increase linearly with ln< F2 > ir-
respective of the target size. The slopes, pq, are observed to exhibit a power-law 
behaviour, as the variations of In^, with In(q-l) indicate the presence of second order 
phase transition in the hadronization process of high energy interactions. Also, the 
scaling exponent v> for the experimental data is found to be 1.131±0.059. 
The Levy index, /x, for the hadronic system in 14.5A GeV/c •^*5i-nucleus colli-
sions is found to be 1.509±0.059 and for the FRITIOF data its value turns out to be 
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1.489 ± 0.040. Obviously, both the values of /z lie between 0 and 2 and are in confor-
mity with the prediction of Levy stability theory. It may be of interest to mention 
that the multifractals correspond to "wild singularities" for // greater than unity. 
The trends of variations of Renyi dimensions, Dg, with q and multifractal spec-
trum {{a) examined for the experimental as well as FRITIOF data. The study reveals 
that Renyi dimensions, D,, exhibit decreasing trend with q for the experimental as 
well as FRITIOF generated data, revealing thereby the occurrence of multifractal be-
haviour in multiparticle production in relativistic nuclear collisions. The multifractal 
spectrum {{a) has a convex upward shape and peaks around a = 5 for both types of 
data. 
Besides studying some interesting aspects of dynamical fluctuations, an attempt 
is also made to provide thermodynamical interpretation to the observed behaviour of 
intermittency and multifractality in multiplicity distributions. A sudden change in 
the value of multifractal specific heat is regarded as a signal for a phase transition. 
For this reason, multifractal specific heat, c, is computed using F, moments, modi-
fied Gg moments and Takagi moments for experimental and FRITIOF data on 14.5A 
GeV/c ^*Si-nucleus interactions. The common feature of multifractal specific heat 
obtained using the three approaches is the fact that there is no systematic variation 
in the value of specific heat for diflFerent order of the moments. This may be due to 
the difference in the approaches for computing the multifractal specific heat. 
 
 
 
 
 
  
 
 
 
